NASA CR 152050 

(N AS A-Gh - 1 5 2 C 50) SIMULATION STUDY OF GUST N76-13030 

ALL ^ V T AT* TON IN A IILT ROTOR AIRCRAFT, VOLUME 
1 (Rowing V^rtol Co., Phiid'i 2 lphid, p d. ) 

17'J p HC AOH/.F A 0 1 CSCL 0 1C Unclds 

53/05 55039 


SIMULATION STUDY OF GUST ALLEVIATION 
IN A TILT ROTOR AIRCRAFT 
VOLUME I 


A. K. AMOS 
H. R. ALEXANDER 

» 

* 


JUNE 1977 


PREPARED UNDER CONTRACT NAS2-8048-4R 

FOR 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
AMES RESEARCH CENTER 

BY 


mnv/ COMPANY 

A DIVISION OF THE BOEINQ COMPANY 

P. O. BOX 16860 

PHILADELPHIA. PENNSYLVANIA 19142 


D210-11231-1 





attj . r*** 


r 










I 


SIMULATION STUDY OF GUST ALLEVIATION 
IN A TILT ROTOR AIRCRAFT 
VOLUME I 


A. K. AMOS 
H. R. ALEXANDER 


| JUNE 1977 

■ PREPARED UNDER CONTRACT NAS2-8048-4Fc 

I FOR 

| NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

AMES RESEARCH CENTER 

• * BY 

1 y^/rraM. caMf*A#r 

* A DIVISION OF THE BOE'NG company 

ff P. O. BOX 16858 

E PHILADELPHIA. PENNSYLVANIA 19142 

1 * D210-U231-1 

t 

i 

t i j 1111 




THE 


COMPANY 


VERTOl DIVISION • PHILADELPHIA, PENNSYLVANIA 


CODE IDENT. NO. 77272 
NUMBER D210-11231-1 

TITLE simulation study of gust alleviation in a 

TILT ROTOR AIRCRAFT - VOLUME I 


ORIGINAL RELEASE DATE FOR THE RELEASE DATE OF 

SUBSEQUENT REVISIONS, SEE THE REVISION SHEET. FOR LIMITATIONS 
IMPOSED ON THE DISTRIBUTION AND USE OF INFORMATION CONTAINED 
IN THIS DOCUMENT, SEE THE LIMITATIONS SHEET. 

MODEL TILT ROTOR CONTRACT NAS 2-8048— 4R 

ISSUE NO. ISSUED TO: 


PREPARED 

APPROVED 

APPROVED 

APPROVED 



DATE 

DATE 

DATE 

DATE 


6/8/77 

6/8/77 

6/8/77 


FORM 40210 (•/••) 


SHEET 


I 


I 


J 


■ - ’- , ’ 1 * 



THK 


COMPANY 


NUMBER D2 10-11231-1 
REV LTR 


LIMITATIONS 


This document is controlled by 


8-7420 


All revisions to this document shall be approved by the 
above noted organixation prior to .slease* 


PO*M 4 62 0 1 12 '671 


SHEET ii 




REV LTR 




















TMK 


COMPANY 


NUMBER D210-11231-1 
REV LTR 






ACTIVE 

SHEET RECORO 








ADDED 

SHEETS 





ADDED 

SHEETS 



01 

H 

-J 

> 

UJ 

cc 

SHEET 

NUMBER 

CC 

H 

-1 

> 

LU 

CC 

SHEET 

NUMBER 

CC 

•J 

> 

UJ 

CC 


SHEET 

NUMBER 

CC 

H- 

_l 

> 

111 

cc 

SHEET 

NUMBER 

a: 

-j 

> 

UJ 

cc 

SHEET 

NUMBER 

CC 

1- 

-1 

> 

UJ 

cc 

A-l 
A- 2 
A- 3 
A- 4 
A- 5 
A- 6 
A- 7 
A- 8 
A- 9 
A- 10 
A-ll 
A- 12 
A- 13 
A- 14 
A- 15 
A- 16 
A- 17 
A- 18 
A- 19 
A- 20 
A- 21 
A- 2 2 
A-23 
A- 2 4 
A-25 
A- 2 6 
A- 2 7 
A-28 
A-29 
A-30 
A-31 

B-l 

B-2 

B-2 

B-4 

B-5 

B-6 

B-7 

B-8 

B-9 

B-10 

B-ll 

B-12 

B-13 







B-14 
B-15 
B-16 
B-17 
B-18 
B-19 
B-20 
B-21 
B-22 
B-23 
B-2 4 
B-25 
B-26 
B-27 
B-2 8 
B-29 
B-30 
B-31 
B-32 
B-33 
B-34 
B-35 
B-36 
B-37 
B-38 
B-39 
B-40 
B-41 
B-4 2 
B-43 
B-44 
B-45 
B-46 
B-47 
B-48 
B-49 
B-50 
B-51 
B-52 







'OHM Mill III '«»! 


SHEET iv 

I i * 
















FOREWORD 



1 

* 

I 

I 


I 


D210-11231-1 


The studies summarized in this report were performed by the 
Boeing Vertol Company for the National Aeronautics and Space 
Administration, Ames Research Center under NASA Contract NAS 2 
8048-4. Mr. T. Galloway was the NASA Technical Monitor over 
the greater part of the program; Mr. G. Cal las was the Techni- 
cal Monitor for a short time at the beginning of the 
program. 

Mr. H. R. Alexander was the Boeing Vertol Project Manager. 

Dr. Anthony K. Amos was Project Engineer for methodology and 
dynamic simulation development. Mr. J. P. Magee, Tilt Rotor 
Program Manager, and M. A. McVeigh, who developed the basic 
vehicle simulation, also made significant contributions. Very 
substantial contributions were also made by George Knott and 
Austin Mollenkoff of the Simulation Staff of Boeing Computer 
Services . 


• 


vi 


i 


t 


I 


l 


t 


I 



ABSTRACT 


t 



t 


y 

f 

i 

4 

A 

f 


I 


5 

s 

\ 




The response to vertical turbulence in cruise of the HTR 
XV-15 design is studied. This design is a modified version of 
the XV-15 with a hingeless fiberglass soft-in-plane 
rotor system. The parameters of a gust alleviation system 
are determined and the performance of the system is evaluated 
over a range of cruise velocities and altitudes. The study 
is performed using simulation techniques and the mathematical 
model includes detailed dynamic representation of the wing 
and rotor. Volume I is the summary report of the study, while 
Volume II contains details of analytical and other data used 
in the study. 
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SUMMARY 
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This document reports a study of the gust response character- 
istics and the design of an alleviation system for the HTR XV-15. 
This tilt-rotor aircraft design is a version of the XV-15 
which incorporates a 7.93m (26 foot) diameter soft-in-plane 
hingeless rotor. 

The need for gust alleviation in tilt-rotor aircraft is dis- 
cussed in Section 1, and the position is taken that it will be 
necessary for passenger acceptance of the concept because of 
the relatively low altitude and, therefore, frequent occurrence 
of turbulence. The need for inclusion of detailed rotor effects 
is justified on the basis of the low frequency of the rotor 
regression modes, and the possibility that alleviation of the 
airframe response might at the same time increase the response 
of the rotor system. A brief review of recent related work on 
gust alleviation is given. 

Simulation is used as the principal mode of investigation 
because the contract had been initiated with the intention of 
including a pilot in the loop for subjective evaluation of the 
alleviation effectiveness. This necessitated development of 
the simulator mathematical model to include rotor dynamics 
(see Volume II) and of analytical methods discussed in 
Appendix I to process simulator data for system design. 
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An alleviation system was designed for a representative 
speed and altitude case and evaluated over a range of cruise 
altitudes and speeds. The system studied use flap and 
elevator control activated by a suitably shaped signal from 
an accelerometer located in the pilot cabin or a device 
sensing angle of attack. Up to 70% alleviation in cabin 
normal acceleration can be obtained with relatively simple 
flap-elevator system characteristics. Rotor response tends to 
remain approximately constant. Difficulties were experienced 
when B]_ cyclic control was added with the intention of 

reducing the level of rotor response. This can be resolved 

either by the use of additional sensing, (e.g. , regulate 

rotor response independently of normal acceleration or angle 

of attack by direct sensing of hub moments) or by more 

accurate matching of transfer functions calculated from the 

* 

methodology used in this study. 

The present summary volume presents detailed derivation and 
results for a typical flight cruise condition. Appendix I 
gives an outline of methodology used to define alleviation 
system characteristics and Appendix II presents additional 
response and analysis data for the subject flight condition. 
Volume II compiles basic response data, and required control 
characteristics for a range of altitudes and speeds. Volume 
II also contains details of the analytical approach to the 
inclusion of rotor dynamic effects in the simulation mathemati- 
cal model. 
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1.1 BACKGROUND 

Recent studies of alternative vehicles for short-haul air 
transportation concepts utilizing rotors (Reference 1) 
suggest that the tilt-rotor configuration is an economi- 
cally alternative candidate in this role. These studies 
showed that the tilt rotor would have wing loadings similar 
to modern fixed-wing transports because the configuration 
derives its VTOL or STOL capability from the rotor. Thus, 
in cruise flight the sensitivity of the tilt rotor to 
vertical gusts would be of a similar magnitude to that of 
conventional fixed-wing transports. For several reasons 
this represents less than a satisfactory ride quality 
situation. 

For example, the tilt-rotor aircraft in short-haul oper- 
ation will cruise at altitudes in the 3, 049-4, 573m (10,000- 
15,000 feet) range and the intensity and probability of 
occurrence of severe turbulence, is therefore greater than 
is the case with conventional long range transports which 
typically cruise at much higher altitudes. In addition, 
in short-haul operation there is little opportunity to 
avoid reported turbulence regions by changes of course 
or altitude. 

It therefore seems likely that alleviation of turbulence 
response will be required since passenger acceptance 
will be related to the ride experienced in high altitude 
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jet aircraft. 

1 . 2 SEVERITY OF THE PROBLEM AND COMPARISON WITH CONVENTIONAL 
AIRCRAFT TYPES 

Figure 1.1 shows an estimate of gust sensitivity levels 
for the 100 passenger tilt-rotor transport studied in 
Phase I of this contract and reported in Reference 1. 

The gust sensitivity acceleration per unit gust expressed 
amplitude (g/ft/sec) varies inversely with gross weight. 

At the optimum cruise altitude 3811m (12,500 feet) the 
gust sensitivity is shown as exceeding the level specified 
by more than 100%. However, these gust sensitivities were 
derived from equivalent sharp-edged gust calculations 
as defined in FAA regulations and various military 
specifications . 

A more widely accepted measure of ride quality is RMS 
response to random turbulence. Figure 1.2 shows the RMS 
response levels of an advanced version of the XV-15 tilt 
rotor using a soft-in-plane 7.93m (26-foot) diameter Boeing rotor 
system and compare it with the responses of several other 
aircraft. The relationship of these levels to subjective 
comfort levels are also shown in Figure 1.2. These 
criteria for degrees of discomfort due to "g" levels 
are based on experimental work from a number of sources 
(summarized in Reference 2) . Since these criteria are 
expressed in terms of RMS levels of continuous sinusoidal 
vibration they may not adequately reflect adverse 
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GUST SENSITIVITY 
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HTR XV- 15 RMS VERTICAL ACCELERATION IN 6 FT/SEC RMS TURBULENCE AND 
RELATION TO COMFORT RATINGS DERIVED FROM GRCjND SIMULATION 
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reaction of passengers to occasional large peaks, and 
•other criteria indicate that levels of less than .llg 
RMS are desirable. 

However, Figure 1.2 shows that the responsiveness of 
the HTR XV-15 in cruise to random vertical turbulence 
is approximately the same as that of the DC-6 , DHC-6 and 
Boeing's 707 and 737. The reduction in response level 
provided by gust alleviation systems is also shown in 
Figure 1.2 for the HTR XV-15 and DHC-6. The selection 
of a HTR XV-15 gust alleviation system is discussed in 
other sections of this report. 

As noted above the altitude of operation and consequent 
frequency of turbulence occurrence makes gust alleviation 
desirable in the tilt-rotor configuration and DHC-6 while 
the longer range higher altitude transports are marginally 
acceptable without alleviation. 

L Special Features of the Tilt-Rotor Configuration 
Gust alleviation has been successfully implemented 
in a number of commercial passenger aircraft by systems 
employing main surface and empennage control motions 
geared to sensors measuring the intensity of the tur- 
bulence. It was expected that similar systems would be 
effective for the tilt-rotor configuration flying in the 
cruise mode, and such a system has been defined as 
part of the study undertaken during the subject cont act. 
However, the presence of large rotors with low structural 
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frequencies raised a number of questions about the 
response of the rotor blades and the potential impact 
on the gust response of the vehicle. The rotor modal 
frequencies (fi-u>£) and (f<-w8) , (associated with the 
regressive lead-lag and out-of-plane bending respective- 
ly) , fall in the frequency range where there is a 
reduced but still significant level of gust intensity. 

An additional concern is that these frequencies are not 
widely separated from the frequency of the short period 
mode of the aircraft which ranges from about 0.5 Hz in 
the aft c.g. location at low speeds to frequencies 
greater than 1.0 Hz in high speed, forward c.g. flight 
conditions. 

1.2.2 Availability of Rotor Cyclic Controls in Tilt Rotor 

The presence of rotors and their control system present 
opportunities as well as potential problems. It may be 
asked whether cyclic or collective controls may be used 
to supplement or replace flaps and elevators for gust 
alleviation. In particular, can the cyclic controls 
be used effectively to reduce blade structural response 
in turbulence. Questions to be answered include whether 
a conventional gust alleviation system will worsen blade 
response and how are rotor controls to be integrated 
with a conventional control system to provide an 
acceptable combination of reduced blade response and 
improved ride quality. 
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2 . 3 Potential Worsening of Rotor Response by Use of 
Conventional Gust Alleviation System 

Increased blade response might be anticipated as a result 
of using direct lift devices such as flaps and spoilers 
for gust alleviation. Since these systems reduce the 
normal response of the aircraft wnich has an alleviating 
effect on angle of attack, it might be expected that 
blade response would increase to the point where this 
would need to be alleviated by the application of rotor 
controls. This concern has to some exten* been removed 
by the results of the subject study, although the use 
of rotor controls for general alleviation purposes has 
been addressed. 

3 OBJECTIVES OF CURRENT STUDY 

As a result of these special features, a study was 
initiated to address the following issues. 

1. Evaluate magnitude of response to 
random turbulence without alleviation; 
identify preliminary design parameters 
of a flap-elevator alleviation system, 
and evaluate its performance. 

2. What level of rotor response will be 
experienced in turbulence and how signi- 
ficant is it? 

3. Will gust alleviation using flaps and 
elevators worsen the rotor responses 
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and necessitate additional cyclic 
control systems to alleviate rotor 
responses? 

4. Conversely, will the performance of 
a flap-elevator system, designed to 
reduce cabin response, be adversely 
affected by uncontrolled rotor 
response? 

5. Investigate preliminary design parameters 
of a system using cyclic controls in 
addition to flap and elevator, with 
objective of alleviating rotor and airframe 
response. 

1.4 RECENT RELATED WORK ON GUST ALLEVIATION 
1.4.1 Tilt Rotor Configuration 

Recent work on the question of gust responsiveness 
of tilt-rotor aircraft has concentrated on the 
behavior of a cantilevered wing, rotor combination. 
References 3, 4 and 5 give results of experimental 
and analytical studies performed at the Aeroelastic 
and Structures Research Laboratory of the Massachusetts 
Institute of Technology. In References 0 and 7, 

Johnson and Frick lay down definitive groundwork 
for the application of optimal control theory to 
to the problem of prop-rotor/wing response to 
vertical gusts. In Reference 7, Johnson shows that 
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rigorous application of optimal control requires feed- 
back from almost all the wing/rotor states, and 
suggests as an alternative, the measurement of the 
exciting disturbance from which good estimates of the 
states may be obtained if an accurate model of the 
system is available. He also shows that a single 
controller, optimally designed for one speed condition, 
operated efficiently over the entire cruise speed range. 
He suggests that some programming of system parameters 
with nacelle tilt or speed may be necessary for low 
speed and transition conditions. He proposed as a 
next step the investigation of the response of a complete 
model of the aircraft including the rigid body flight 
modes and detailed representation of the control 
system. 

1.4.2 Other Configurations 

A number of studies of gust alleviation have appeared 
recently for fixed wing and helicopter aircraft. 

Reference 8 is a study of gust alleviation in short- 
haul aircraft of fixed-wing configurations designed to 
field lengths of 610m (2,000 Feet) and 914m (3,000 
Feet) . The effectiveness of gust load alleviation and 
ride quality control system and the impact on aircraft 
gross weight and price is evaluated. This study 
differentiates between systems designed to alleviate 
structural loads and those designed to less severe 
ride quality improvement criteria. 
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Results for a gust alleviation study of the DHC-6 
Twin-Otter are given in Reference 9 and show that 
substantial improvements in ride quality are obtainable 
for little additional cost. 

Helicopter gust suppression techniques are studied 
analytically for the CH-53 in Reference 10. These 
results show that up to seventy-five percent of the 
gust disturbances may be eliminated by the use of 
optimally designed feedback system. 

1.5 SCOPE OF CURRENT PROGRAM 

The investigations of tilt rotor behavior discussed 
above (Reference 7) apply powerful analytical 
technology to the prediction of the behavior of the prop- 
rotor/wing combinations. In the program reported hero 
a simulation approach has been adopted, and the rigid 
body flight modes of the aircraft have been included 
in the mathematical model along with wing and rotor 
blade structural dynamics. The simulation model was 
based on a detailed full force model of the HTR XV-15 
developed under Task I of NAS2-8048-4R contract and 
described fully in Reference 11. (Preliminary Simulation 
of an Advanced Hingeless Rotor XV-15 Tilt-Rotor Aircraft" , 
M. A. McVeigh, NASA CR 151950, December 1976). A major 
part of the current activity was the addition of rotor 
and wing dynamics as optional features, and of the NASA 
Ames gust generator for random turbulence along with the 
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capability to include a variety of feedback system 
parameters and shaping networks. The addition of rotor 
and wing dynamic effects is discussed in detail in 
Volume II. A simple approach to the definition of 
system parameters was developed and this uses frequency 
response data obtained from the simulation. Among the 
reasons for the adoption of a simulator approach in this 
investigation was a requirement to demonstrate the 
effectiveness of the gust alleviation system with a 
pilot in the loop: it subsequently became apparent 
that the cycle time required for wing and rotor dynamics 
was incompatible with real time simulation. 

1.6 PRELIMINARY DISCUSSION OF RESULTS 

The 240 Knot, 3,049m (10,000 Feet) condition was selected 
for initial definition of a flap-elevator alleviation 
system. The characteristics of the system selected were 
compared with those estimated for a matrix of condition 
over the range 200 to 280 Knots from 1524 to 4572m (5,000 to 15,000 
Feet) altitude at forward and aft center of gravity 
locations. It was concluded that the requirements were 
sufficiently similar over the complete range that one 
set of system parameters might be expected to alleviate 
at all conditions. Figures 1.3 and 1.4 show the re- 
sponse of the principal variables without alleviation, 
while Figures 1.5 and 1.6 shows the same set of 
variables with the selected alleviation system working. 
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FLIGHT CONDITION: 240 KNOTS, 10,000 FEET, (3,049m), FORWARD CG 



FIGURE 1.3. RESPONSES FOR GAIN F * 0, GAIN E ® 0 
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FLIGHT CONDITION: 240 KNOTS, 10,000 FEET, (3,049m), FORWARD CG 
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A very high level of alleviation is achieved in cabin 
normal acceleration. Pitching acceleration is reduced 
by a lesser amount because the elevator gain 6E/g was 
restricted by stability considerations; at the aft c.g. 
condition, a long period instability develops at elevator 
gain levels approaching those needed to provide equal 
attenuation in pitching and normal acceleration response. 
Improved shaping of the elevator feedback signal would 
eliminate this restriction. The presence of the gust 
alleviation system does not produce an appreciable diff- 
erence in the levels of blade loads or deflections. 

This is significant. Earlier intuitive discussions of 
gust alleviation by the use of flap for direct lift 
control envisioned increased blade loads. It was thought 
that these would occur as a result of the higher angles 
of attack which would be caused by restraining vertical 
acceleration. This reduces the natural alleviation of 
gust angles of attack associated with velocity of 
response in the vertical direction. The simulation 
showed this would occur if the aircraft is constrained 
in pitch; however, when account is take of the pitching 
response of the aircraft, the blade loads tend to remain 
at a fairly constant level. 

Cabin normal acceleration alleviation factors attained 
by the flap-elevator system selected are shown in Tables 
IA and IB. Table IA shows factors for peak accelerations 
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while RMS levels are listed in Table IB, In this 
system cabin acceleration is sensed and used as a 
feedback signal which drives the flaps and elevators. 

Suitable shaping is introduced so that the system 
does not interfere with normal maneuvering commands , 
while providing specified levels of alleviation. An 
alternative system sensing fuselage angle of attack 
was examined for a limited number of flight conditions 
and was found to give similar results. Rotor response 
was not found to be a problem and satisfactory 
alleviation of cabin acceleration was demonstrated using 
only flap and elevator controls. Nevertheless, the use 
of and cyclic controls in conjunction with flap 

and elevator was explored with a view to providing speci- 
fied reductions in rotor hub moments and blade bending, 
along with improved vehicle response. This investigation 
was pursued even though blade response turned out to be 
less of an issue than preliminary reasoning had indicated, 
because it is believed that the use of rotor controls will 
play an important part in the suppression of lateral 
direction and assymetric turbulence. In the lateral case 
rotor cyclic control may be envisioned as providing the 
side force equivalent of direct lift control. That is 
to say, A]_, B^ cyclic and rudder would serve a similar 

purpose in the lateral case to that of flap and elevator 
in the vertical. However, the integration of all four 


18 



I 


1 


» 


i 



D210-112 31-1 


controls, flap, elevator, A^ and cyclic brought to 

light a number of difficulties which are discussed in 
Section 2. 

In summary, preliminary design for a gust alleviation 
system has been successfully accomplished for a tilt- 
rotor aircraft with a hingeless soft-in-plane rotor 
system. The technical approach successfully identified 
a system which provides satisfactory attenuation of 
cabin normal and pitching acceleration responses: 
further work is required on the use of cyclic controls 
for the suppression of blade transient response and for 
vehicle gust alleviation in a general turbulence 
environment. Feedback signal shaping may be refined to 
maximize stability margins and provide additional 
attenuation of pitching response, if this is considered 


necessary. 
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2.0 TECHNICAL DISCUSSION 

The problem addressed in this study is how the existing 
controls of the aircraft may be used to provide a speci- 
fied attenuation of the response of selected aircraft 
variables. This was attempted at two levels. First, 
flap and elevator controls only are considered with the 
objective of reducing cabin normal acceleration and pitch- 
ing acceleration; second, flap, elevator and the cyclic 
controls together were applied with the objective of 
reducing rotor hub pitching and yawing moments as well 
as the aircraft accelerations. 

Assuming that the transfer function of each of the 
selected variables with respect to the gust and control 
inputs are known, it is possible to derive the control 
combination required to produce the desired effects in 
the selected variables. These controls may in turn be 
expressed in terms of some measure of the external dis- 
turbance. This arrangement is shown schematically in 
Figure 2.1. The response of the aircraft to a random 
disturbance U , pilot commands Up and alleviates system 

control input V A is governed by an equation of the form 
[A] q -I- [B]q + [C]q = F c U + H 0 (Vp + V A ) 

or [G(s) ] q = F 0 U + H o (V P + V A^ 

where A, B, C and matrices of coefficients describing the 
vehicle dynamics. 
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F q and S Q are matrix connecting inputs to generalized 

forces in the aircraft variables , and 
[ G ( S ) ] = [ As ~ + Bs + C] . 

The task of an alleviation system is to automatically 
provide control input V p such that the behavior of the 

basic aircraft 

q/u = 1/G 

is modified to give a desired response characteristic 

q/u = 1/G .* 

The problem then develops into one of identifying a suit- 
able feedback transfer function [K(s ) ] . 

In principle, this may be done analytically by algebraic 
manipulation of the transfer functions. However, when 
we are dealing with a multi-variable system and multiple 
controls it seems preferable to solve arithmetically 
for the control amplitudes and phases by repeated cal- 
culation at discrete frequencies. These may subsequently 
be converted to transfer function form. This method is 
discussed in detail in Appendix A. 

2.1 RESPONSE DATA ACQUISITION 

In order to effect this identification of control re- 
quirements, the frequency responses of the aircraft 
variables of interest were determined by forcing the 
simulation with sinusoidal inputs of gust flap elevator, 
A^ and 
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Apart from the gust response, this is how one might 
acquire much information during a flight development 
program. The experience of handling data of this type 
was valuable because it displayed many of the features 
which we would expect to be present in data reduced from 
flight test records. 

For example, errors in processing and scatter and other 
anomalies, had to be resolved expeditiously and with a 
minimum number of reruns. 

Response data was generated for a matrix of speed, 
altitude and center of gravity conditions and resulted in 
data of the type shown in Figure 2 . 2 through 2.4. 

Figure 2.2 shows for the forward center of gravity case, 
cabin normal acceleration and aircraft pitching acceleration 
due to sinusoidal gusts on the frequency range .2 to 5.0 
Hz. Figures 2.3 and 2.4 show the response of these 
variables to flap and elevator inputs over the same 
frequency range. 

Appendix B contains the complete set of 240 Knot data 
for forward and aft center of gravity locations including 
center of gravity, angle of attack and hub moment response 
to cyclic control inputs. 

2.2 INFLUENCE OF GUST SPECTRUM; AND PERFORMANCE REQUIRED BY 
ALLEVIATION SYSTEM 

The gust responses shown are for continuous sinusoidal 
turbulence of constant amplitude. When the frequency 
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spectrum of gust intensity is also considered the gust 
response is modified as shown in Figure 2.5. This is 
based on clear air turbulence (Dyden Scale) as defined 
in MIL-F-8785B (ASG) of the form 

A (B) = a 2 hi 1+3 (L w n)2 
it [i + (l w q) 2 ] 2 

This suggests that the system needs to operate at maximum 
efficiency over a fairly narrow frequency range. The 
peak for the forward CG conditions occurs around 0.70 Hz, 
so the alleviation goals selected were as follows: 
o Constant from 0.5 to 0.7 Hz. 
o Reduced effectiveness above 0.7 Hz inversely 
proportional to frequency, 
o Reduced efficiency below 0.5 Hz proportional 
to frequency. 

2.3 FEEDBACK CONTROL CHARACTERISTICS 

Solving for the control inputs and feedback characteris- 
tics required to provide the above alleviation character- 
istics by the method outlined in Appendix A we arrive at 
a system definition for flap and elevator feedback shown 
in Figure 2.6. The complete set of solutions 

for the forward and aft center of gravity positions, 
with and without A^, B^ participation are given in 

Appendix B^ 
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FEEDBACK REQUIRED FOR SPECIFIED ALLEVIATION IN CABIN 
240 KNOTS, 10,000 FEET (3049M) , FOREWARD CG 
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2.4 APPROXIMATIONS TO IDEAL CHARACTERISTICS 

The alleviation effectiveness variation defined above 

is reasonable. However, higher levels of effectiveness 
may be tolerated and this makes easier the task of pro- 
viding acceptable approximations to the ideal control 
characteristics. The procedure which was adopted was to 
provide the gain levels calculated for 0.5 Hz which 
typically demands the highest gain setting, and to provide 
a good match of phase over the frequency range 0.5 - 0.8 
Hz using as simple a shaping network as possible. This 
usually means that a higher-than-planned level of 
alleviation is provided at other frequencies. However, 
since these levels were the subject of a reasonable, but 
nevertheless arbitrary decision, this does not present a 
problem unless the stability margins become too 
low. 

Several considerations prompted this procedure. 

(i) A simple system will be more easily 
translated into hardware. 

(ii) A limited library of simulation net- 
works was available, and highly 
specialized networks would nave re- 
quired development of new algorithms. 

(iii) There are practical limits to what can 
be realistically represented by digital 
simulation. 
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In defining shaping networks, account was also taken of 
the need to wash O” 1 , ~' e system at low frequencies so that 
it would not fight * '■ it input steady commands for 
acceleration during maneuvers. This can also be accom- 
plished by providing a bias to the control system using 
a stick pickoff signal. However, in the present study the 
washout approach was used. Account was also take of the 
characteristics imposed by control actuator rate limits. 

It was considered that the actuator rate limit would 
override the theoretical small perturbation corner fre- 
quencies which are typically in excess of 10 Hz. Hence, 
actuator dynamics were represented by a first order lag, 

1/1 + tS with r * .05 selected to represent a rate limit 
in the range .69 to .87 radians per second (40 to 50 degrees per second) 
2 . 5 SHAPING FOR SYSTEM USING FLAP AND ELEVATOR CONTROL 

The transfer function for the flap and elevator systems 
are, therefore, expressible in the general form 


i" 
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LOW FREQUENCY , x jsHAPING 1 x ^ACTUATOR 
WASHOUT ^FUNCTION | ^DYNAMICS ’ 


and assuming a second order washout function this 


becomes 
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The shaping functions must adjust the total phase 
between the sensed signal, and the flap and elevator to 
the values shown in Figure 2.6 for cabin 
acceleration feedback. The 240 Knot forward center of 
gravity case of 3049m (10,000 feet) was selected for investigation 

and it was found that a shaping function of the form 

■> 


-M 


+ 2c„ui., S + 
2 2 


will provide the required phase characteristics. However, 
since this effectively eliminates the effectiveness of a 
second order washout, as shown above, a higher order 
washout function is required. This was provided by two 
second order washouts in cascade with corner frequencies 
u> 2 _ = .025 Hz and damping coefficients r , = .60. This 
leads to a transfer function for the flap: 
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H S : + 1.427S + 9 . 86* | f K F 1 

S ^ + .188S + .0246 j ’ jl + . 0 5§~| 


Sr + . 188S 

approximately 20° more phase lag is indicated for the 
elevator and this was provided by a longer time constant 
(t « .075) in the actuator transfer function. 

For 90% reductions in normal and pitching accelerations 
the values calculated for Kp and Kp (nominal flap and 

elevator system gains respectively) are 6.3 and 0.8. 
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The acceleration feedback system defined in this report 
was evaluated over a matrix of speed and altitude conditions 
with the aircraft at forward and aft center of gravity limits. 
The results of this study are discussed in Section 3. 

2 . 6 a FEEDBACK SHAPING 

Aircraft angle of attack, as the signal sensed to activate 
the alleviation controls, has the advantage of not being 
reduced by a direct lift control system alleviating 
normal accelerations so that high levels of alleviation do 
not imply high loop gains. Also, since perturbations in 
angle of attack are the primary cause of acceleration 
responses it might be expected that the need for heavy 
signal shaping would be reduced. Figures 2.7 and 2.8 show 
angle of attack response to gust, flap and elevator inputs 
to the aircraft system. 

The characteristics of feedback systems using a as the 
sensed signal were evaluated in the same way as were those 
for acceleration sensing, and the system requirements fer 
the 3049m (10,000 feet) 240 Knot, forward center of gravity case 
are presented in Figure 2.9. As expected the phase re- 
quirements present less difficulty. Flap and elevator 
control applications are required co be phased approxi- 
mately 180° and 200° respectively, with respect to the a 
signal over the frequency range of interest. 
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FEEDBACK REQUIRED FOR SPECIFIED ALLEVIATION IN CABIN 
240 KNOTS, 10,000 FEET (3049M), FORWARD CG 
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This leads to transfer function of the form 

SF _f S 2 1 [SHAPING 1 [ 1 

a [S2+ 25 1 a) 1 S + u>2j* ) FUNCTION j * jl + tS ’ 


For the purposes of the a feedback study a higher corner 
frequency washout was selected. At this stage of the 
investigation it was suspected that the frequencies adopted 
for the acceleration feedback case might be too low and 
could interfere with reasonable inputs from the pilot. 
Accordingly a much heavier washout with a 0.3 Hz corner 
frequency was adopted. 


The net transfer function derived for the flap is 


5F = 

r s* 1 


f- 

+ 3.363S + 9.121ll j 

1 

X 

a 

)S 2 + 1.884S + 3 . 549 ! 


I s2 

+ 1.884S + 3.549 J ! 

|1 + . 05S j 


and a similar function with a .075 time constant was used 
for the elevator. 

The results using this system were similar to those ob- 
tained with acceleration feedback and are discussed in 
Section 3. 

2.7 INCLUSION OF A]_ AND B l CONTROLS 

Several attempts were made to include A]_ and controls 

in the alleviation system with the objective of reducing 
hub pitching and yawing moments, and blade loads concurrent 
with alleviation in cabin normal and pitching acceleration. 
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This was initially attempted using acceleration feedback 
without success. It was observed that the phasing re- 
quirements associated with all controls involved less 
shaping in the case of a feedback, and a further attempt 
was made to include the cyclic controls. Figures 2.10 and 
2.11 show gain and phase requirements for A]_ and controls 
for acceleration and a feedback at 24Q Knots, 3Q49m (10 f 000 feet) 

forward CG. Inspection of the basic frequency response 
data led to the phase requirements being interpreted as 
leads rather than lags and transfer functions were pro- 
vided as follows : 



NOTE: Unit values of and Kg provide the 0.5 Hz 

gain levels and ratios of A^/B^ shown in Figures 
2.10 and 2.11. 

The flap and elevator transfer functions are the same as 
discussed in the preceding paragraph. 

This system did not work successfully. A number of 
possible explan- ions exist. 
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FEEDBACK REQUIRED FOR SPECIFIED ALLEVIATION IN CABIN 


240 KNOTS, 10,000 FEET (3049M), FORWARD CG 
RAD/M/SEC 2 DEG/FT/SEC 2 CABIN ACCELERATION SENSOR DEG 


u 

O -1.0 

M 

O 

04 -1.5 




I L~~4 u. -u; 


'[ j ; 4~l~.-j.-i* ..u. f — * — \ — 

f=-t- ~ : 


— L :.| u 






* ~ /V— ^ 4-.4~.-J 


*"'4— r-r4 





a-..*- .. .. 






.u — 











RAD/RAD 


DEG/DEG ANGLE OF ATTACK SENSING 






•1 — r~'~ !• 


■r/—^zz:~z: 
o -orrz— 

• i - — o &\ 



4 .— i . . 4 . 


-30 



1 _0 


, ~| , 1 • 1- | ' 

• • .2 .4 .6 1.0 2.-0 4.0 

FREQUENCY - Hz 

FIGURE 2.10. Aj_ FEEDBACK REQUIRED WITH ACCELERATION AND a 

SENSING RESPECTIVELY, 240 KNOTS, 3049 METERS, 
FORWARD CG 


PHASE - ANGLE THASE - ANGLE 





D210-11231-1 

FEEDBACK REQUIRED FOR SPECIFIED ALLEVIATION IN CABIN 
240 KNOTS, 10,000 FEET (3049M) , FORWARD CG 





FIGURE 2.11. B x FEEDBACK REQUIRED WITH ACCELERATION AND a 

SENSING RESPECTIVELY, 240 KNOTS, 3049 METERS, 
FORWARD CG 
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1. Rapid differential changes in gain are 
associated with the above transfer 
functions and this degrades performance 
at other than the nominal frequencies. 

2. The large phase angles associated with 
the rotor response to control input means 
that it is fundamentally more difficult 
to control transient response due to 
external excitation. 

3. The open loop phase and gain margins with 
the above system may be too small at 
frequencies away from the design frequency. 

4. As more control loops are added the gain 
ratios between the circuits probably become 
more critical. 

Additional work will be required to determine the exact 
causes . 

2.8 ALTERNATIVE APPROACH TO REGULATION >F ROTOR RESPONSE 
There is a high degree of confidence that, given 
sufficient care the current approach which uses a single 
sensing device may be made to work satisfactorily. How- 
ever, an alternative is to regulate the rotor using a 
direct measure of its response such as hub moment. This 
would modify the aircraft response characteristics and 
the flap and elevator system would then be designed to 
alleviate the resulting aircraft behavior. 
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The flap and elevator system defined in Section 2 was 
evaluated over a matrix of flight conditions from 200 to 
240 knots, forward and aft center of gravity location, 
and at 1524,3049, and 4573m (5,000,10,000 and 15,000 feet). These results 

are summarized in Tables I. A and I.B. These show that 
better than 70% reductions in cabin normal acceleration 
are achieved in most cases. These results are presented 
as reductions in peak acceleration as well as RMS 
acceleration. 

The results in Tables I. A and I.B were obtained using a 
system defined for 240 Knots, 3049m (10,000 feet) with the center 

of gravity forward. This system was designed to bring 
about an 80% reduction in both normal and pitching 
accelerations. The gain settings of Kp = 6.0 and 

Kp * 0.8 calculated to produce this result, had to be 
restricted for stability reasons. At gain setting K E = 

0.7, 0.8, the system develops a low frequency instability 
in the aft CG case. This results in the reductions in pitch 
accelerations listed in Tables IIA & IIB. At 240 knots, 

3049m (10,000 ft) the factors on RMS accelerations range 
from .26 (aft) to .35 (fwd) , compared with RMS normal accel- 
eration factors of .70 & .71 for the same flight condition.*-. 
At 1524m (5,000 feet) , in the forward rr - condition where higher 
elevator gains can be used, the attenuation of both normal 
acceleration and pitch approached the specified value of 0.8. 
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3 . 1 RESULTS FOR ACCELERATION FEEDBACK AT DESIGN FLIGHT 
CONDITIONS 

Basic response data for fifteen aircraft variables is shown 
in Figures 3.1 and 3.2 for the flight condition chosen for 
design of the alleviation system. Figure 3.3 shc’-'s RMS 
variation with time for seven of the more important 
variables. These include cabin acceleration, pitching 
acceleration and resultant blade bending moments. In 
Figures 3.4, 3.5 and 3.6, the equivalent data for the 
same variables are shown with the alleviation system 
working. Marked reductions are observed in cabin 
acceleration, pitching acceleration and wing bending 
deflections, and the overall level of blade bending 
moments and hub moment response shows little change 

although differences in the detailed transient of the 

% 

time histories are apparent. The peak values of flap 
angle required at the nominal level of turbulence 
intensity, are less than + 4 degrees with rates less 
than 10.0 degrees per second. The associated amounts 
of elevator are of the order of + 0.5 degrees. 

3.2 a FEEDBACK AT DESIGN FLIGHT CONDITION 

Results for angle of attack feedback are shown in Figures 
3.7, 3.8 and 3.9. Similar effectiveness in the reduction 
of cabin normal and pitching accelerations are attained, 
however, the wing response and flap and elevator control 
traces indicate reduced damping at a frequency of 
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PLIGHT CONDITION: 240 KNOTS, 10,000 FEET, (3,049m), FORWARD CG 
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FLIGHT CONDITION; 240 KNOTS , 10,000 FEET, (3,049m), FORWARD CG 
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approximately 0.3 Hz. The flap excursions are still 
less than + 4 degrees while elevator trace is up to 
+ 1 degrees. The reduced damping indicates the need for 
further tailoring of the feedback transfer functions to 
ensure adequate stability margins. 

3.3 ACCELERATION FEEDBACK WITH AFT CENTER OF GRAVITY 

Basic aircraft time histories data for the aft center of 
gravity condition is presented in Figures 3.10 and 3.11, 
and RMS data in Figure 3.12. The effect of the attenuation 
system is shown in Figures 3.13, 3.14 and 3.15. The 
alleviation of cabin normal acceleration is substantially 
the same for the forward center of gravity case (.69 
reduction for peak and .70, .71 reductions for RMS). There 
is, however, a much reduced level of effectiveness in the 
alleviation of pitching response, which becomes 0.19 for 
peaks and 0.26 for RMS. 

3.4 ALTERNATIVE PRESENTATION OF SYSTEM PERFORMANCE 

In order to facilitate comparison of basic aircraft 
response and effectiveness of the gust alleviation system 
with other short-haul aircraft studies, the HTR XV-15 
response is presented in the format shown in Figure 
3.16. This is adapted from Reference 8 in which vertical 
accelerations and pitch rates are given for cruise, descent 
and approach flight at levels of turbulence intensity 
considered appropriate for these phases of operation. 

Data for a preconversion speed of 160 Knots is given 
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HTR XV- 15 GUST RESPONSE SUMMARY 
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Figure 3.16. Cabin Normal Acceleration and Pitch Rates for 
Three Flight Conditions. 
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as an approximate equivalent to an approach condi- 
tion. 

Presented in this manner it is seen that the criterion 
level of . llg RMS vertical acceleration is met in 
turbulence of 1.76 m/sec (5.7 ft/sec) RMS intensity, 
over the complete range of aircraft center of gravity. 

The alleviation system reduces the response to around 
25% of the acceptable criterion level. 

At 200 Knots and a gust intensity of 2.5 m/sec (8.2 
ft/sec) the basic aircraft normal acceleration response 
exceeds the .llg RMS level by as much as 50%, and is 
reduced to approximately 35% with the gust alleviation 
system active. At 160 Knots and 3.0 m/sec RMS turbulence 
the basic response level ' approximates the criterion, 
and is reduced to a mean level of around 35% by the 
alleviation system. Pitch rate with and without 
alleviation exceeds the levels specified in Reference 8, 
except at 160 Knots where the alleviation system provides 
50% cf the criterion level. The pitch rates specified 
in Reference 8 are referenced to levels associated with 
acceptable passenger comfort provided by contemporary 
short/medium haul aircraft such as tne Boeing 737. In 
these, pitch response may cause substantial variation of 
normal acceleration depending on passenger location 
and this is not an issue in the HTR XV- 15 tilt rotor. 
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3.5 RESULTS INCLUDING ROTOR CONTROLS 

Attempts to include rotor control in the alleviation sys- 
tem were not successful. The objective was to reduce 
blade flapping response and hub moments along with normal 
and pitching accelerations. It was found that the inter- 
actions of the four controls through the sensed variable 
were sufficiently strong that additional work will be 
needed to define an acceptable system. 

The difficulty stems from the fact that rotor cyclic 
pitch in cruise is as powerful a control from the aspect 
of aircraft response as flap or elevator. The initial 
approach had been to control normal acceleration with 
direct lift control via the flap; to reduce pitch re- 
sponse by corrective amounts of elevator; and to 
alleviate hub moments and blade response using Ap and Bp 

cyclic. It was implicitly assumed that there was 
descending order of magnitude in their impact on vehicle 
response, however, the data on aircraft response and hub 
force and moment response shows that levels of cyclic 
which reduce hub moments by a significant amount, also 
produce normal and pitching aircraft accelerations of 
similar magnitude to the accelerations which were the 
subject of the flap-elevator alleviation system. 

Hence, the iterative approach of working on normal 
acceleration, pitching acceleration and hub moments 
in succession, is not viable and a direct concurrent 
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solution for all four controls is needed. However, it 
was not possible and was not considered necessary to 
match the results for such solution over more than a 
narrow frequency band, and this is a probable cause of 
the difficulties with a system using all four controls 
concurrently. 

3.6 GENERAL REMARKS ON ROTOR CONTROLS 

As discussed in Section 2, the use of specific sensors 
for rotor effects might eliminate many of the problems 
experienced in designing a system for vertical turbulence. 
However, there are well known difficulties in providing 
dependable long term signals from either blade motion 
or hub moments , and this was one of the reasons why the 
study concentrated on the use of normal acceleration or 
angles of attack as measures of gust intensity. 

In the context of vertical symmetrical turbulence in 
cruise, the inclusion of rotor effects tends to be academic 
because its levels of response are not critical and it 
is probably wiser to ignore the rotor controls. In the 
alleviation of aircraft response to lateral turbulence, 
rotor controls are expected to play a primary role and 
this will represent a fresh challenge. 
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4.0 CONCLUSIONS AND RECOMMENDATIONS 

The study has shown that the HTR XV- 15 aircraft has 
basically about the same level of gust sensitivity in 
cruise as existing fixed-wing transports such as the 
Boeing 707, DCS and 737. Differences in wing loading and 
lift curve slope appear to be approximately compensated 
by cruise velocities. Passenger carrying tilt rotor air- 
craft for the short-haul market may be considerably 
less gust sensitive than either the HTR XV-15, (wing 
loading 351 Kg/m 2 (71.8 lb/sq ft)) or fixed-wing STOL 
designs which rely on low wing loading for short field 
operation. For example in Reference 1, V/STOL tilt-rotor 
passenger transports optimized for a short-haul mission 
fall into the 488 Kg/m 2 (100 lb/sq ft) class, while in 
Reference 8, fixed-wing aircraft designed for field 
lengths of 610m (2,000 feet) and 914m (3,000 feet) have 
wing loadings of 215 Kg/m 2 (44 lb/sq ft) and 287 Kg/m 2 
(58 lb/sq ft) respectively. 

While the sensitivity of the tilt rotor expressed as the 
ratio of normal acceleration to gust intensity may be 
similar to that of conventional fixed-wing transports, the 
frequency of occurrence is likely to be higher because 
the tilt rotor cruises at lower altitudes. This wi. 1 .. 1 
necessitate gust alleviation for passenger acceptance. 

The current study shows that a simple flap-elevator system 
can produce alleviation factors up to 70% with no apparent 
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I 


adverse effect on blade loads or hub moments. The 
amplitudes and rates of control required suggest that 
little modification to existing actuators would be 
required, however, their operation will impose additional 
random fatigue loadings in local structure. 

The inclusion of rotor controls was not found to be 
necessary for alleviation of vertical turbulence, and 
the rotor response was not significantly different with 
the flap-elevator system working. Difficulties were 
expressed incorporating these controls with flap and 
elevator to reduce hub moments concurrently with normal 
and pitching acceleration. Additional work is needed to 
understand these difficulties. 

It is recommended that this be accomplished as part of 
future response studies which will require the rotor 
controls as primary inputs; for example alleviation in 
transition flight and in the presence of assymetric 
longitudinal or lateral turbulence. 
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APPENDIX A 

DIRECT SOLUTION FOR CHARACTERISTICS 
OF MULTI-CHANNEL CONTROL SYSTEM 
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Appendix A - Direct Solution for Characteristics of Multi- 
Channel Control System 

In a tilt-rotor aircraft four controls are typically available 
for use in rejecting the effects of certical turbulence. These 
are flap/spoiler, elevator A^ and B^ cyclic. These may be 
applied in combination to produce desired levels of alleviation 
in up to four chose variables if the frequency response of the 
variables to each control and to the turbulence is known. The 
compatibility of level of alleviation demanded with stability 
requirements (gain and phase margins) may be obtained as an 
extension of the same analysis and the practical approximation 
to ideal system characteristic may be evaluated in the same 
way. 

Technical Approach 

The equations of motion describing the behavior of an aircraft, 
rotor and control system combination may be written in the 
forms 

Aq + Bq + Cq = F q u + S Q v 

where A, B and C are constant coefficient matrices describing 

the dynamics of the free system at a specific flight condition, 

and F , S are also constant coefficient matrices which convert 
o o 

the gust components u, and control inputs v into generalized 
forces of the system. 

If the frequency spectrum of the gust is known this may be 
expressed in analytical form and in principle . frequency 
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spectra may then be derived for control application which 
will produce an acceptable net level of response. This 
procedure is attractive when one output variable is to be 
controlled by a single channel system. (Reference Al) . With 
several output variables and a similar number of controls, 
this process loses some of its attraction and a semi-empirical 
discrete frequency approach becomes more practical. The method 
developed in the present study is given in the following para- 
graph. This permits the definition of multi-channel feedback 
control system which meets specific alleviation requirements. 
The stability margins may also be computed along with the 
performance and stability of the practical approximation to 
the ideal system. 

Analysis 

If the amplitude and phase responses of an output variable 
(e.g., cabin normal acceleration) to unit gust and control 
inputs are known over a range of discrete frequencies, the 
control applications required to achieve a specific degree of 
alleviation may be derived as follows. 

The response of a selected set of n variables at a given 
fr°q , ..?ency will be given by 


f Rij l 1 

M 

| i 

— 

ii 

N 

L J 

L V J 


*n 

(n x 5) 

* j 

5x1 
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where IR„] is the array of responses to unit gust and unit 
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control inputs to the system at the specified frequency u and 
u and v are gust and control values respectively. More speci- 
fically, for the system we are considering where we have flap, 
elevator and A^, cyclic controls we may write: 


[ 


R iG' R iF' R 


iE 


' R iA' R iB 


] 


i = 1 


G 
F 
E 
A 

B 

n 


i j-, 

= ^ X i 


n 

V J 


where R^, G , R i'F' etc ‘ are response of variable i to unit gust, 
flap, etc. respectively, and is the net response of variable 


1. 


The response to gust alone is given by 


{x\> 


(R i,G> G 


Subject to reasonable restriction, alleviation factors p K 

may be achieved in a specified set of variables which are 
responsive to the available controls. The number of indepen- 
dent variables which may be controlled in this way is less 
than or equal to the number of controls. The control input 


vector required satisfies the equation 

r 

1.0 

F 

E > - 

A 
B 


[^G^KF' ^E' R KA' R KbJ i 


[■--J W 
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or 


[^K,F %,£, 


R KA' R KB* i 



= - < 


P K X K 


or 



” |^KF , ^E, R KA, ^bJ | P K ^G^ 


These controls may be applied as feedback signals from a 
suitable variable of the system. This variable is not 
necessarily one of the alleviated variables; for example angle 
of attack which is not a primary object of reduction, but is 
strongly related to the forcing function may be sensed and 
with suitable gains and phase shifts will provide the alleviation 
control values required. If an alleviated variable Xj is 

sensed the gains and phases required in each channel of control* 
becomes : 


Gain * 20 X^cg . « (F, E , A , B) “20 Log . _ (1 — p . ) R. 

i u xu j 3 G 

Phase * Phase (F, E, A, B) -Phase (1-Pj) Rj Q . 

If the sensed variable Xj is not the subject of attenuation 

we must calculate its value before the gain and phase require- 
ments can be determined. For example, the angle of attack m 
after alleviation is given by; 


l 


R oG R oF R ctE R aA R aB 


■] 


1.0 

F 

E 

A 
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The loop gain and phase may be determined and stability margins 
evaluated by multiplying and summing the forward loop and 
feedback gains and phases. If we are alleviating variables 
X K and sensing Xj we have 


r 



, -i 


Rrf- 


*KE' *KA' 




( P K 


K * 1 n n<^4 

where subscript K refers to variables being alleviated, and j 
refers to sensed variables. If signal X^ of unit amplitude is 


amplified and phased to produce {F} this .in time produces 


x* = :f}. 

D DF ]E 3 A 3 B 

So that loop gain X*/X. is ecual to 

j 3 


R jE °jA R jB J tR KF ^KE R KB ] 1 {p K R KG } * 

The amplitude and phase of this can be readily calculated 

from the individual responses. 

Physical Realization of Ideal System 

The foregoing analysis will provide at each frequency a 
gain plus phase for each channel control. This must be 
approximated by hardware and compromises must be made . The 
resulting system can usually be represented by some combination 
of transfer function representing actuator dynamic, steady-state 
washout, and response shaping networks. The net performance 
and stability margins associated with the selected system may 
be evaluated by calculating the amplitude and rhase response 
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of the individual control circuits and combining these with 
the aircraft response behavior. 

Program Coding 

To facilitate use of the preceding analyses two simple com- 
puter programs were written. The first evaluates gains and 
phases for flap elevator and cyclic controls to accomplish 
specified levels of alleviation at discrete frequencies. This 
also evaluates the system open loop response so that stability 
margins may be inspected. The second program computes the 
amplitudes and phase characteristics of the control counts 
selected to represent the ideal requirements and provides the 
overall open loop characteristics. The coding for each of 
these programs is given in the following sheets. 
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NOPT 

KASE NO 

ALT 

VKT 

XCG 

ZCG 

GSTAMP 

FLPAMP 

ELVAMP 

AAMP 

BAMP 

OMEGA 

PCR 

PCI 

PTR 

PTI 

PZR 

PZI 

PYR 

PYI 

AG 

EPSG 

BG 

PH1G 
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Indicator, if = 1 only flap and elevator activated 

if = 0 flap, elevator - , A^ & B^ are activated 


1 


Case Identification Only 


Indicator used to run multiple cases 
Altitude in Feet 
Velocity in Knots 
CG Coordinate Longitudinal j 
CG Coordinate Vertical _J 
Gust Amplitude in Ft/Sec 
Flap Amplitude in Degrees 
Elevator Amplitude in Degrees 
A-^ Cyclic Amplitude in Degrees 

B]_ Cyclic Amplitude in Degrees 
Frequency Range in Hertz 

Real Component of Cabin Alleviation Factor 

Imaginary Component of Cabin Alleviation Factor 

Real Component of Pitching Acceleration Alleviation 
Factor 

Imaginary Component of Pitching Acceleration Alleviation 
Factor 

Real Component of Yawing Moment Factor 
Imaginary Component of Yawing Moment Factor 
Real Component of Pitching Moment Factor 
Imaginary Component of Yawing Moment Factor 
Cabin Acceleration Response to Gust 
Cabin Acceleration Phase to Gust 
Pitch Acceleration Response to Gust Amplitude 
Pitch Acceleration Phase to Gust 
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I 

I 

I 

T 


J 


[ 


MZG 

EPZG 

MYG 

EPYG 

AF 

EPSF 

BF 

PH1F 

MZF 

EPZF 

MYF 

EPYF 

AE 

EPSE 

BE 

PH1E 

MZE 

EPZE 

MYE 

EPYE 

AA 

EPSA 

BA 

PA1A 

MZA 


Yawing Moment Response to Gust 
Yawing Moment Phase to Gust 
Pitching Moment Response to Gust 
Pitching Moment Phase to Gust 
Cabin Acceleration Response to Flap 
Cabin Acceleration Phase to Flap 
Pitch Acceleration Response to Flap 
Pitch Acceleration Phase to Flap 
Yawing Moment Response to Flap 
Yawing Moment Phase to Flap 
Pitching Moment Response to Flap 
Pitching Moment Phase to Flap 
Cabin Acceleration Response to Elevator 
Cabin Acceleration Phase to Elevator 
Pitch Acceleration Response to Elevator 
Pitch Acceleration Phase to Elevator 
Yawing Moment Response to Elevator 
Yawing Moment Phase to Elevator 
Pitching Moment Response to Elevator 
Pitching Moment Phase to Elevator 
Cabin Acceleration Response to A^ Cyclic 

Cabin Acceleration Phase to A^ Cyclic 
Pitch Acceleration Response to A^ Cyclic 
Cabin Acceleration Phase A^ Cyclic 
Yawing Moment Response to A^ Cyclic 
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EPZA 

MYA 

EPYA 

AB 

EPSB 

BB 

PHIB 

MZB 

EPZB 

MYB 

EPYB 

CGG 

EPSCGG 

CGF 

GEPSF 

CGE 

GEPSE 

CGA 

GEPSA 

CGB 

GEPSB 

ALFG 

EPSAL 

ALFF 

ALEPF 

ALFE 
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Yawing Moment Phase to A^ Cyclic 

Pitching Moment Response to A^ Cyclic 

Pitching Moment Phase to A^ Cyclic 

Cabin Acceleration Response to B^ Cyclic 

Cabin Acceleration Phase to B-j^ Cyclic 

Pitching Acceleration Response to B-^ Cyclic 

Pitching Acceleration Phase to B^ Cyclic 

Yawing Moment Response to B^ Cyclic 

Yawing Moment Phase to B^ Cyclic 

Pitching Moment Response to B^ Cyclic 

Pitching Moment Phase to B^ Cyclic 

CG Acceleration Response to Gust 

CG Acceleration Phase to Gust 

CG Acceleration Response to Flap 

CG Acceleration Phase to Flap 

CG Acceleration Response to Elevator 

CG Acceleration Phase to Elevator 

CG Acceleration Response to A^ Cyclic 

CG Acceleration Phase to A^ Cyclic 

CG Acceleration Response to B^ Cyclic 

CG Acceleration Phase to B^ Cyclic 

Angle of Attack Response to Gust 

Angle of Attack Phase to Gust 

Angle of Attack Response to Flap 

Angle of Attack Phase to Flap 

Angle of Attack Response to Elevator 
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ALEPE 

ALFA 

ALEPA 

ALFB 

ALEPB 

FZG 

FZEPG 

FZF 

FZEPF 

FZE 

FZEPE 

FZA 

FZEPA 

FZB 

FZEPB 

FYG 

FYEPG 

FYF 

FYEPF 

FYE 

FYEPE 

FYA 

FYEPA 

FYB 

FYEPB 
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Angle 

Angle 

Angle 

Angle 

Angle 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 

Rotor 
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of Attack Phase to Elevator 
of Attack Response to A^ Cyclic 
of Attack Phase to A^ Cyclic 
of Attack Response to B^ Cyclic 
of Attack Phase to B^ Cyclic 
Normal Force Response to Gust 
Normal Force Phase to Gust 
Normal Force Response to Flap 
Normal Force Phase to Flap 
Normal Force Response to Elevator 
Normal Force Phase to Elevator 
Normal Force Response to A^ Cyclic 
Normal Force Phase to Cyclic 
Normal Force Response to Cyclic 
Normal Force Phase to B^ Cyclic 


Side 

Force 

Response 

to 

Gust 

Side 

Force 

Phase to 

Gust 

Side 

Force 

Response 

to 

Flap 

Side 

Force 

Phase to 

Flap 

Side 

Fcrce 

Response 

to 

Elevator 

Side 

Force 

Phase to 

Elevator 

Side 

Force 

Response 

to 

A^ Cyclic 

Side 

Force 

Phase to 

A 1 

Cyclic 

Side 

Force 

Response 

to 

B^ Cyclic 

Side 

Force 

Phase to 

B 1 

Cyclic 
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. .} c t» -'C 1 /f IC.H.xPa 2^»£ACfcS*3!LiJtIM S = bO < BuN» Ch £ C*,LISTsSUBS 

1 oT^rrsTn^^o*.) ,X(8) ,B(8) »LL(4) >CC lb) ,rt«) ,0C4)»LU.(4) , 

1 UMM(1|) 

? PF & u *7G,- , TG,-' ZF. -Yf .NZE^yE.MZtt.’-'VA.’ -'ZB.vyB 

M .LP(.NCVLi>P''C»LPG’vG,LP' p «G»UPGAL,L>HAL 

l ')r«*S, 14159/180, 

___4 REAP, nqpt 240 Knots. 10 ,000 Feet . Forward CC 

5 2ooY «tAO, KAS1N0 

b IF (KASENO, EQ ,99) CALL EXIT 

7 _ _ Cfc AO,AIT ,V*T, XCG, ZCG.G 3 TAHp,F|.PA« P ,£LVAMP, AAWP,BAM p 

PKfwf 99, A|.T,YKT,XCG,ZCG 

9 J9 FUP''Ar(/,8X,'ALTITUOE* , ,Fa,i,8X,*V«T** f P6,2,0X, , XCG«', 

1 fb.2,8X, »ZCG««,Kb,2) 

l'u PRINT 1000 

tl l 0 0 0 FllR w AT(/» 130I1H*)) 

12 _ 200/ _ _*E *0 ,J)*£G A 

Yi If (OMEGA , EG. 0,0) GO TO 2001 

U RtA0,PCH,PCI,PTR,PTI,PZ9,PZI,PV«,PTI 

in pf Ao.AG.f Psr,.eG.PMtr. . %, ZG,EPZr,,''vr.,EPTG 

— ' Tb ' PEA0,AF,fP3f',bF,P"tF,"Zf ,EPZf ,MYF,tP>F 

17 Sf AO, Af, EPSE.rtf, Pm It, '7F,E p 2E# ,, TE,EP v f 

Pf AO t AA.EP3A .bA,°HlA,vZA,EPZA,^YA,EP YA 

■’li Uf AO, AR,EPS(),RR,PmIm, >7h, EPZ«, 'YR,fPYn 

?0 Of AP,CGO*EPSCOG,Cr,f , cr_p$F , rr.E.Gf PSE ,CGA, GEpSA, CGc . Gt PSD 

21 PfAO.ALFG, EPSAL,Ai.FF,ALEPF, AL fE,Al.FPf)A|.EA.AtEPA,A! .FB , ALE_P? 

~'e? Rr.AorF?G,f TFPG.FZf ,FZFPF,FZE.FZtPE,F?A,FZtPA,FZM,FZtPH 

2 J Rf AO,FYG,pYfPr,,F v F,FYfcPF,FTt ^TEPEjF y A ,FYe PA,F Yb.FYtPB 

/c i_fi l fCR-<AT(/,iX ,Fh. i,2X, Fb t 3,2X,Fb.3, 2X ,Fb.3,3x,Fb, 3, 3X, Fb,jj 

P f I ^ T 1 C f'- 

2b n>" f .•«'>* t (//,«*, 'GUST*. 4X, »GuST # ,‘tX, *A14P',«X, *ELEv‘,5x, 'A1 *,Sx, *B1 ', 

1 / tt k , ♦ Fj, 1 0 » l_i »A ‘PL*, U «J. ♦ A ^ PL # .4X, * A ’^PL * , 4 X , • A • , 4 X • AMPl«J 

PblN T" 1 0 1, P 'EGA, GSTAMP.fLP AMP, ELV AMP, AAMP, RAMP 
pkT\T 102 

2Ji__ J > e; _ f f-PVAT(/,iiX f »PCR , ,bX . »P CI > .bX 4 ♦PTP«.bX < «PTl , .bX, , P ZR , . i _6X_,Lgj.I_Ll 

l' M,*PY«*YbX,>Pft*) 

50 print 103,PCR,PCI,PT9,PTI,PZ«,PZI,PYR,PYI 

5 1 _ _ 1 11 5 _ F M R " A T (_/_, Sx.Fb .3,3»,Fb. 4 , 3 X , F b . 3. lX,Fb.3,3«,Fb«3 ,3X ,Fb|3, 3», 

t F«,'3, 3’x,Fb,3) " 


$ j o^T'jTlO^ 

SS t F,-P-.at(/.Sx.«CA;i RESP TO GijST » , Sx , *P I TCH RESP TO Gu 3 T > , 5x , « Y , M, __RE3P_ 

l" ' TO Gc3T»7sx, »P,'«, RESP TO G')ST'/, 4 X, 'AMPL PHASE * , 4* , * A*PL * , 

? 1 OX, »PHASt *«X, »A-'iPL», 10x, »PhASE*,4X, »AMPL», 10X, * Ph AyE * ) 

54 PPT ,T l „S, AO.EPSG. RG.PHIG, MZG.f PZo. 'Yr., EPYQ 

■ iV ” 1 os" f i>"j'A'f (/, Jx,F6,3,?X,FR t 5,ax,Fb,J,5X,FH,3,OX,Fb,l,«X,Fb,3,bX,Fb| 1 , 

1 ?X,FR,S) 

iH PRINT 10b , , 

ST" T'“b ■ " F ('P^Af ( / ;TxT r c'A'b'^FTp~T o~TC 7 p » , 5 x , « p i t c « pf.sp few lap 1 , out 

1 iri FI.AP»,Sx. *P,", OoE TO FLA p */,4X, *Avpt*,SX, 'PHASt * ,3x, *AYPL*, 

/ <J» , »PHA3f *, 1 A, ♦rMPL*. 7 X, • Phase*, 3 «, » A>'P L« , 7 X, »PHA3k*) 

~ s> ' print io7,af ,tP3F,BF,pHiF, ^zf , 6 RZ'f , ’»r ,f ryf 

Sb j .* 7 FO»MAT(/,3X,Fb, S,2X,FA.i, SX.rb, 3, S*,F 8 , 3, 4X,Fb,l,3X,FB,i,4X,Fb,l, 

1 3x,FA,3) ! 

" P f t - T 108 

„l 1 )„ f OR v AT(/,<iX, *CAR “fSP TO ELf v *, sx , ‘PITCH PFoP TO EI.EV ,5»» T Out 

1 TO FLE ¥*,*><. *P«’‘ « O'jF TO ELEV */>mx, , A m PL , ,3x , *JL m -A SEJ^^X 

- - ox# -.p H 4 sf.-; s - x# F 6 Vpt»,7X,*PHA3f"*',5*,*AMPU',TX#*PHA3t‘) 

PSInT l09,'AE,E p Sf,hE,PHlf,. , Zf ,»PZt, , -'Tf,fPYf 

_u i 1 n9 FOR iAT t /, 3 X,Fb, S.2X.M, j.3x.f b. l.E X.Fb, 5, 3 X , F b ^ 1 , V|Lt F B ^3 , .4 X i 

1 f c , V, 3* , A Yt , l") 

uu PRINT MO 
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_«2_ 1 1? F 'lR'-AU/.UX . 'CAH PESP TO A 1 » , bX . » PI TCh PESO Tfl A1«,8X,»Y.M. R£ SP 

1 TO Al'.7x,'P,i, RESP TO Al'/,UX, 'AMPL PHASE * , b X , • A*PL ' , 7 X, 

2 'PHASE ',«x, ' A' PL'.Sx, 'PHASE ', 7x, 'APpL'.Sx, 'PHASE *) 

U-,_ PR I \< T 11 1 ; A A , E PS A, 8 A, PH I A, HZ A, FP Z A, *Y A, fcPY A 

a 7 1 t t FORMAT 1/,’X.Fb. 3,2x,Fh, 3 , 2 X,Fb, 3 , 3 X,EM t i ( 7x , Fb , 1 , 2X , * H , 3 , 5x , 

t Pb,i,2x,fe,j) 

±* p_r TiiULiJ 

«R HP FORMAT </,«x, 'CAH RESP TO 81 '» 6X » 'PITCH RESP TO B1',8X,'Y, m , OuE TO 
t Bl',7X,'P,«, OUE TO fll */,aX, *AMPL PHASE', bX, 'AHFL', 7*, 'PHASE' 
2 j HX . *AMPL',SX. 'PHASE'* 7X, »APPL',Sx, «PH ASE'l 

50 “ P»nT 1 l3,A8,EPS9,Brt,PHlt»."Zr<,FFZH, •Y«,EP»a 

■51 11 > FORMAT (/, Jx,Fb, J,2x,P8,J,PX,Fb.3,iX,Pb,i, 7x,Po,l,2x,F#,3,Sx, 

L p b.i.ax»pa.3) 

52 PR I \ T llu 

51 IN FCR'AT(/,4X, ’cG RESP TO G',3X,'CG «ESP TO FLAP', 3x, 'CL «ESP TO 

I E LE V '.3x ,»CG R£ Sr TO A 1 » , 3x « *CG WE3P TC g 1 «/ . U X , « AMPL PHASE' 

2 .2i,'A«PL',o<*‘PHASt',3x,'AMPL'*bX, 'PHASE', iX,*A'iPL PHASE'. 

3 3x,'AMP0 phase ' ) 

_Sr P RT'iT 1 tS.rGr, t FPSCGf;,CGP.GFPSF.CGE.fiEPSE.Cr.A,GEPSA t cr,ri,r,FP3B 

SS IIS FCjR"ATt/,iX,Fb,i, lX,F8,3,2x,Pb.3,2x,F8,S, Jx,Fo,S, lX,FH,3,3X, 

1 Ft>,<,lx,F6,3,2X,Fb,3,tx,Fe ( 3) 

Sts PR I jT lib 

S7 lib F^p^AT (/, ax, 'AOF RESP TO G* , Sx , »AtP »tSP To FLAP'.Sx, 

1 'ALF PESP to ELt y ' * SX , 'ALF HESP TO Al',SX,'ALF RESP TO ol' 

2 /.ax, 'AMpo'.ax, 'PHASE. ', 4X , 'AMPL',7 X, 'Pha gt • , 5x , ' ahpl ' , 7x , 

i 'phase *"* 5x , 'A'iPL*,s** * phase ' , 5* , 'ampl'.sx, 'Phase') 

SH PRI'iT 1 17, A L FG,EPSAL, ALFF, AoEPF, A|.Ft, AuEPf , ALF A , AlE P A , A L F B , ALE p 8 

5° ’- 7 _ FOR>.AT(/,3x,Fb,i,tX,FB,5,Sx,Fb. 3, 2X , F8 , 3 , Sx , Fb , J , it , F8 . 3 , Sx , 

1 Ft,, 3, lX,FB f 3,aX,Fb,3, 1X.F8.3) 
hi' PRI'.T Urt 

b 1 1 1 A FOR <AT(/,ux, 'F2 RESP TO G',*>X,'FZ RtsP TO fLAP',5x,'FZ PESP TU 

1 flEy'.V, 'f'Z PESP TO At'.SX, 'F2 PESP TO 81 */. aX. 'ampl PhaSP 

2 .Sx, 'A*’pl',(jx, 'PHASE ', 5'x. 'AMPc'.bx, 'PHASE '.SX, 'AF'PL'.ax, 
i 'PHASE'.SX, 'A-PL'.aX. 'PHASE’) 

h 2 " ‘ PRI'iT' nP,F20,FZtPr,,iZF,F2E p F,F2E,FZEPe,F2A,FZEPA,F'Ze,>‘Z'Fs 

53 UR FCR-*AT(/,3x,Ffe,3,tX,F8,S,3x,F6 t 3,lX,F8,3,Sx,F6,3,lX,F8,3,SX, 

I Fe,3, lX,Fb,3.3x,Fb,3..X,F8 t 3) 

e a ‘ PRJMT 120 

6S 120 F0P f, AT ( / * aX « 'F Y RESP TO G'*SX,'FT RESP TO rLAP',SX, 

1 'F Y rES p TO ELEv'.Sx,'Fy RES p TO AI'.Sx.'Fy RFSP TO 81'/, ax, 

2 PL P'haST’.SX, ' A W PL* ,6X, 'PHASE'S ST.-^an pT» , bXT^PHAiE F75x , 

3 'A 'PL', ax, 'PHASE ',5 a, ' A^PL », ax , 'PHASE ' ) 

ei PR I FT 121,FYr,,F»fPG,FVF ( FYEPF,FYf,FVtPt,FYA,FYePA,Fyb,FYEP8 

F.7 121 F CT^Pi T C / ,3 xTFs ,3,lx,F8,3,3x, rtf/T/i xT^l , s x , F b , i , i x ,7271757, 

1 *b,3*l*»M,i»iX,Fb,3, 1X,F8,J) 

ed p p I >; T J 0 n o 

6 a o3 “ F.H. tAT'(/Ti7 r r t AP *A'P',Fa,3 ( 7<,'FLAf> Ph ASE # , F 8 , J , 7 X , ~ 

1 'FLEV AvP',FH,3,7X,'ELEy PHASE ',F8,3/, IX, 'A1 APP'.FJ.i, 

2 T x , ' A 1 P**ASE',F6.i,7X,'Hl AvP'.FS.i, 7X, '81 PHASE', F8, 3) 

71 ha FpRvATK/, lx', Ou.FrTTATEO CAR EORp AC C K ' , F 8 , 3 ,‘ 7 xT^P- ASt‘ OF ACCT* - , 

1 FA, J/, IX, 'FLAP GAI-I',F8,3,7X,'FLAP PHASE ' , Ffl . 3 , 20X , 

2 'ELEYATOR r.AJ.'.', F8, 3, 7X, 'ELEVATOR PhASE ' , F 8 . 3/ , l X , ' A 1 CYCLIC 

3 rAT''',FS,r.Tx, T At CYCLIC P'HASE'.reTTilSx.'Rl CYCLIC OtV'J," 
a Fh,J,7X,'hl CYCLIC P-ASE',F8,3/ 

5, 1 x, 'hpf \ Ln TP GA I , Fo, 3 , 7x , 'HPfc r LPPP pHAsE',F»,i) 

T 1 "ptTf lOOd ‘ 

72 hS fowv,aT(/,IX, 'alleviated CG accu'.E8.3, 7X, 'PHASE. OF ACC*I»,F A, 3/, 

1 lx. 'FLAP GAIN',Fb,3,7x, 'FLAP PH ASE ' , F » , 3 , 7 X , *ELk Y A TOR G A I a ' , 

2 ‘ H,J, 7X,''ELE“v‘aT jR " p'hVse ',F tj‘, 3,/7Tx, "Tr'CVCLiC GaT^'- F«, i, jt,' 

3 ' A 1 CYCLIC PHASE', F8, 3, ISX, 'B1 CYCLIC GA l* ' , Fb, 3, 7X , 
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« # rt 1 CYCLIC P"ACE',F8,S/ 

57irr^prum gstv ttstt, ^.'uptnw' phase *7f»7j ) 

print iooo 

C NO^DJVfNSin^ALIZE HeSPC^SE AMPLITUDES BY FORCING AMpLITUOfcS 

" AGiAG/GSTANP 
hG*8G/0STA-*P 
^zr.s izg/gstamp 


77 

v yg*myg/gsTavf» 

78 

4UFC«*LFt/r,STA“P 

79 

FZG«F ZG/G3 T AMP 

8 0 

‘fygifygTg'STa'^— 

01 

CGG*CGG/GSTA^P 

8? 

AFPAF/FLPAMO 


0i 

«a 

Mb 
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ACGAaCbA*Cji3( 
bC C»4aCG 4 * S Im( 
ACBaAB*CG3(£P 
^CBaAd*5l ,(fcg 
* A T9aBB*C0b (P* 
fe TB*Bd*3I '»CP* 
AMja*MJb*COSU 
" a- Z^aM^ri*S~t'j( 
Av YB*^YB*Cf)S ( 
i ‘Y3« *Yp» S! ■ ( 
A Atria ALF d *C0S 
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»*AZX»ATA V(XYft,xrA)/PTQ 

C ’ nut , LOOP GAp. AM/ PHASE 

L PG iC*rO#ALOGtO(* M OD/CAdACC) 
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mJnV 

455 

J I SK I .K > J 

MINV 

456 

A(«I)sA(JI) 

MINV 

45 7 

30 A f J I ) sHULf) 

y t n y 

45* 

35 Isv(K) 

MINV 

459 

IF(I.K) KS^S.iS 

MINV 

4 0 

J(J JP = iSi* f 1-1 ) 

mIW 

46 1 

JP u 3 J*l,\ 

MINV 

46? 

J x a N K ♦ J 

MINV 

463 

jfsjptj 

mTnv 

4 0 4 

hOlOs-A ( JK ) 

MI NV 

465 

Af J k )SA(JT) 

MINV 

466 

4w AfJT) shOLD 

M i N V 

46 7 

u 5 IFMttiA) 4*| 46# 4* 

MINV 

46* 

4 6 3*0,0 

MINV 

469 

TljrfN 

MINV 

4 7 j 

urt 00 5 5 i = U J 

MI N V ' 

471 

If(I-K) 5n.55.50 

MINV 

* 7? 

SO I n s \ * ♦ I 

MINV 

4 7 3 

At I*)*A(iH)/(«irtIiJA) 

MINV 

4/4 

5b CCN T IMJE 

MINV 

"4 75 ' 

•'0 65 1*1 . ' 

MINV 

470 

t x s n n f j 

MINV 

47 7 

HOtOaAC IK) 

MINV 

~ 47* ' 

[ ja I »N 

MINV 

479 

00 e>b J * l , Ai 

MINV 

4*0 

1 .1st J*N 

MNV 

4 * V 

I c f I •* ) 60 f «5 * 60 

>*Inv 

4*? 

60 IF ( J *K ) 6 ?# 6 S* 6 <* 

MINV 

4 * 3 _ 

6 ? 

M I \ V 

46 4 ' 

Af T.l)**r«LO*A(Kj)+AclJ) 

MINV 

4«5 

65 O J h Ufr 

M I NV 

486 

K J»K «N 

minv: 

* 48 7 

v-n 7 5 J a 1,7 ““ 

” ‘ mJnT; 

4*8 

K .1 3 K J ♦ \ 

m i n v ; 
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a«9 

IF(J»K) 70,75.-70 

MINV 

aT5 

70 4fAj)SA(Kj)/eTGT 

RTW 

491 

75 CONTINUE 

MINV 

492 

0*D*dIGA 

MINV 

494 

Af*«)sl , Q/8IGA 

~mT~nv 

494 

8u CONTINUE 

MINV 

49S 

* = V 

MINV 

496 

100 *3( K*l ) 

RIW 

497 

I F C K ) 150, 150,105 

MINV 

498 

105 ISL(K) 

MlNV 

499 ~ 

120, 120,10b 


50Q 

108 jgafc*(K«l) 

MINV 

SOI 

jp*\*ci-n 

minv 

502 

oc. no J*T7 n 

#InV 

504 


*«INV. 

504 

Hnf'OaAC JK) 

MINV 

“‘505 

JI* JM+J 

STIFF 

5 On 

A(Jk)s-A(JI) 

Ml NV 

507 

110 A ( J I ) IHOUO 

M I M V 

50 8 

120 J*M(K) 

MINV 

509 

IF(J.K) 100,100,125 

MINV 

510 

125 <IaK-N 

MINV 

5ll' 

00 140 I s l , N 

MINV 

512 

K 1=4 I*N 

MINV 

51 4 

MCl.O*A(Kl) 

MINV 

5Ta 

J I *K I»K ♦ J 

MiW 

515 

A ( K I ) *■ A ( J I ) 

MINV 

5 1 o 

130 A ( j I ) jhOLO 

MINV 

517 

GO T'o “l 0 0 

MINV 

518 

ISO -it T l:»N 

MINV 

SlI-?. 

ENO 

MINV 
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520 

S!^4ruri\E mpqou, tfiR.'jf ',^sa,msp*l) 

MP«0 

521 

DI k E v 8lON 

MpRQ 

522 

v Ss M 3A * 1 Qt^SB 

MPRD 

523 

IP ( ^S-^2 ) iO, 10,30 

MPWO 

524 

10 DO 20 1st, * 


525 

20 •*(n*A(ij*btn 

MPKO 

526 

tU«?N 

MP«0 

52 7 

30 I»=l 

MP4 0 

526 

00 90 K*1,L 

MPKD 

529 

90 j»i»n 

MPHO 

530 

w( Iffjao 

HT’kO 

531 

on so 1=1 i v 

MpWQ 

532 

U'(MS) 40*60*40 

Mf>KD 

533 

uu CALL LOC ( J » I » l A , M, ", ;1 3A) 

MPKO 

534 

CALL LOCCI,*, I S * *« , L « ^ 3 ft ) 

MPK 0 

535 

tAlJA) 50,90, SO 

MPHO 

536 

So IKlh) 70,60*70 

MPRO 

537 

eo 

*PPD 

536 

Irts-w* ( *■ l ) ♦ I 

vpro 

539 

7o R(I*Os*(I»)+A(lA]*B(M) 

mFro” 

540 

60 CnNTIMuE 

MPRO 

541 

9tj Iks I pit 1 

MPRQ 

54 2 

Ht TliRU 

MPKO 

543 

E50 

MPRO 
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subr outine 

i**i 


IOC 

LUC 


5«o JX*J LOC 

Sut I F c ^ S • 1 ) 1 0 « 2 0_> 30 LOC 

548 fo" I RxaNi* C‘jx-1 ) Vi i LtJC 

544 GO TO 56 LOC 

550 20 IF(Ix»JX) 22»?a>24 LOC 

551 22 lRx*tX»CJx»JX-JX)/2 LOC 

552 00 TO 36 LOC 

555 _ 2« 1RX»JX »( IX«!X»Ix)/2 LOC 

55a ’ ' G*’ 1 0 56 LOC 

555 30 14X*0 LOC 

556 IMIX-JX) 36,32.36 L?C 

557 32 IRX*IX LOC 

558 56 I»*I«X LOC 

554 RETUR N LOC 

YbO " t NO LOC 




OUTPUT 
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GUST 

meg 

GUST 

AHPL 

FLAP ELEV ai 

AMP^ *HPL AHPL 

Bl 

AHPL 





o.soo 

5.000 

1,000 0 

,SOO 0.2S0 

0.250 








PT« 

-Hi mr 

Mi PTf 

pti 




o.soo 

0.900 

O.SOO 

0.000 0,®00 0,000 0 . B 0 0 

0,000 




CAB PtSP TO GUST PITCH PES* TO GUST 

t.H, P TO GUST 

P.H # 

PESP TO GUST 

- 


A«PL 

p»*aSE 

AHPL 

phase 

AHPL PHASE 

AHPL 

PHASE 



0,190 

•** # oco 

0.1*0 

•*2,000 

183.0 •Sop. 000 

2000,0 *120,000 

- “ ' 


CAB P£SP To FLAP 

"Hi 

h PESP TO flap 

v.H. 0 TO flap 

P.H. cue to flap 

— 

, — 

a**pl 

phase 

AHPL 

phase 

ahpl phase 

ahpl 

PHASE 



9 »A»a- 

•i«». 8 qo 

0.050 

^io^ooa 

100.0. *20.3.000 

1*5.0 

•2*2.000 



cab Rrsp tq m* 

PITCH «cSp TO ELEV 

*,»*, p TO (LET 

PfH, 1 

9UE TO ELI* 



AHPL 

phase 


PHASE 

AHPL PHASE 

AHPl 

PHASE 



0,t«0 

•20,900 

0.150 

•5*. 000 

500.0 •2*.000 1*00,0 

•82,000 



CAB PESP TO Al 

pTtcV 

RES* TO U 

T.h, PESP TO Al 

p.* 

«r Rtsp“ to ai 



A-PL 

phase 

AHPL 

phase 

AHPL PHASE 

AHPL 

pHAse 



0,110 

•IBp .000 

0,100 

•220.000 

800.0 •3*0,000 

*00,0 

•272,000 


^ ' 

CAB PESP TO Bl 

PITCH 

PESP TO Bt 

T.N. out T Bt 

*.». DUE TO »1 



AHPL 

phase 

AHPl 

phase 

AHPL Phase 

ahpl 

PhaSe 



0.120 

•28.090 

BmHB 

•To. 000 

150.0 *2*8.000 

1200.0 

•32.000 



CG PESP TO G Cg PESP TO 

FLAP CG *ISP 

TO ELCV es »ts» 

1 TO Ai 

CG *ESP TO Bl 



A"PL 

PHASE A**L Phase A«*L 

phase ahpl phase ampl phase 



«.u# 

•SB.Ot 1 

0,0*0 *1 

l**,P00 0.200 •20,000 0.1 50 *1*0,000 

0.130 *32,000 




AtF *ESP to 6 ALF R£3* TO FLAP AL* USP TO ELEV A iHRf TO Al ACT^OTTr fl 

A“PL PHASE A"PL PHASE A-PL PHASE AHPL PHASE A*PL PHASE 


o.*oo •? 5 b t *?o o • i c 9 A.ioif *212,00* cT.soo ooo o 9 «oo * 2 S 2 t ooo 

FT HS P TO r. rZ *F 3 * t^alap rZ QfSP to ELfV FZ nSP TO *1 FZ PESP TO Bl 

A**Pt *hASE Av»^ ' PHASt ***Pl PhAlt AHPL PHASE AM*! »HA9f 

O.OOO P.Q O* 0_* Crop 0 .00 0 O. Q03 O.OQn 0, 000 0.000 0*000 0 t 0 0 0 

rv *E 3 P to G F* USA TO FLAP FT *C*P TO Hi* ft PESP TO Al M PESP TO #1 


A»PL PwaSE A**PL P*tSE >“PL PHASE l»>t PHASE A»Pl PHASE 

0.000 0.000 0.000 0.000 O.OOO O.fOO O.OOO O.OOO 0.000 0.000 


ruf A-P 0.9*8 f L A *“'* h 751 •] ft f. A 7 A flE*" 4"*> 5717* lLTTT*HASt*l ? 1.7*3 ‘ * ' 

*t A-p o.ooo a i phase o.ooo si ahp o.ooo #i phase o.ooo 

illM»t£rs CAS "Hf»“'ACCH 07oT5 PHASE OP ACCN •**.000 * 

1 FLAP GAIN 17.3*8 Flap phaSE •pS.pts CLEVaTOP GAIN 2.88* ELEvaTOA Pha3C*1 05.251 

A \ CTCLlC GA1S »^. 1<M At CTC Li e PHASE **.000 8l CTCLtC GAIN.^I,^ 81 CYCLIC PHASE *».00 0 

6frfV\OQP GaTn le.OAl ~ 5*1 N LO“)P p^aSI aA. boo 

ALLEVIATED CG ACC* 0,0C* PHASf or ACCN *87,829 

ftlA cTIn iTT?75 flap>ha4e *t*,i« 9 ELt^^r^AlN ^57*8* IIP a t b OhiST • e 3 . a i « 

At CtCLlC GAlN.i0S.TbS At C’CLTC PhaSE 87,62* Bl CtCLlC GAIN.105,7** Bl CULlC PHASE •?,•«* 

OPES LCCP GA IN 10, e21 OPEN LOOP PHASE * 2 *399 


alleviated aip-a 0.1P1 Phase or alpha t8,205 

FL AP GAI \ 1S.WJU FLAP PHAS E. iBQ.gAt LLEVAtOP GAIN 0.«SS ELEvAtO* PHASi.)|P f 5ie 

it excite GAV'irju.ils ai 0 cl t'c Ph a s I J ; t s ,2 v 5 1 bi cyclic Xap»*io*, ws Bi ctcUC Phase -iTtut 

OPEN W'lJP Gain l.*00 0»EN LOOP P**A3t •l.*7u 
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Program to calculate open loop Bode diagram of gust alleviation 
system with transfer functions selected to represent ideal 
system. 



Z 


S 2 +2C2i u 2i® +ai 2i ^"*" T li^ 


S 2 +2C li u) li S+(o| i S 2 +2C 3i a J 3 i S+u ) 2 i l+x 2i S l+t 3i S 


i » F, E, A^ and refers to flap elevator and 
A^ and B^ cyclic 

Modulus and phase of flap and elevator are evaluated at speci- 
fied frequencies and response of sensed signal computed using 
data bank information. The net response constitutes the open 
loop gain and phase diagram. 
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KASE NO 

ALT 

VKT 

XCG 

ZCG 

FLPAMP 

ELVAMP 

AAMP 

BA11P 

Wli 

W2i 

W3i 

Zli 

Z2i 

Z3i 

Tli 

T2i 

T3i 


HERTZ 

AF 

EPSF 

AE 

EPSE 


Case Identification Only 
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Indicator used to run multiple cases 

Altitude in Feet "*") 

Velocity in Knots I 

CG Location Logitudinal j 

CG Location Vertical 

Flap Amplitude in Degrees 

Elevator Amplitude in Degrees 

A Cyclic Amplitude in Degrees 

B Cyclic Amplitude in Degrees 

Washout Corner Frequency 

Shaping Enumerator Corner Frequency 

Shaping Denominator Corner Frequency 

Fraction of Critical Damping in Washout 

Fraction of Critical Damping in Shaping Function 
Enumerator 

Fraction of Critical Damping in Shaping Function 
Denominator 

Parameter of Lead-Lag Network 
Parameter of Lead-Lag Network 

Time Constant Representing Rate Limit of Control 
Actuator 

i * F, E, A]_, B]_ refers to Flap Elevator 
and A^ , B^ Cyclic 

Frequency Range Covered 
Cabin Acceleration Response to Flap 
Cabin Acceleration Phase to Flap 
Cabin Acceleration Response to Elevator 
Cabin Acceleration Phase to Elevator 

A-27 
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AA 


EPS A 
AB 

EPSB 


l 

I 
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Cabin Acceleration Response to A^ Cyclic 
Cabin Acceleration Response to A^ Cyclic 
Cabin Acceleration Response to B^ Cyclic 
Cabin Acceleration Phase to B^ Cyclic 
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t 

z 

3 

a 

5 

- — b- ■ 

7 

6 


■-*evfr f (Hr* frr 3 fr 9 / « u N ■ g H f C * - 


PEAL *F,*E,.<a,K 0, IF, If. , 14, 10 
n T9s3. 1 at 5*/1 90. 

20^4 - Pf. AOt*AS*-M> — — ~ 

TFfKASEN0 t FQ i 9«l) CALL FxJT 

°t ALT, V*T,XCG, ZCG^FLPA^P^ELVAWP, AAMP # ramP 
Pt-AO r^y * fcr*+T * 9- 


10 

U 

13 

19 

t5— 

1* 


ia 

19 

pa- 

21 

?z 

?h 

?a 

PS 

-2* - 
2f 
28 
2P~ 

30 

31 
-32- 

33 

34 

35 

36 
3 F 
3ft - 
39 
an 
<H - 


9M0, *lF,f?F,43F ff Z1F, ZiF.nt 
9Mn,TlF,T2F,T3F 

9F&n # rtE,T2t f T3E 

"FO'.-.U, 42A.MA. Z1A,Z2a,Z3A 

w *Ttwrm- 


240 KNOTS, 10,000 FEET, FORWARD CG 


9Md, a18,**P«j, *3B.Z1B.Z2B#Z39 
*MO.T!B,T29 # T30 

P^f^.-Q^ r At?-rV^fviiCfr-,- ZCG 

99 PQPvaT (/,**, *ALTlTUI5Fa # # ax,FH e 2 # * VK T« * , F 6 , 2 , ft X , * XCG« * , 

1 ^►.?#ax i *ZCG«SFfc i ?) 

¥ *T“ 1 070 


lorn 

2002 


cOO^ATt/, HOUMO) 

PEAO.HFPT2 

— < h £ P 7 2 . M . ftr»)~ft»-TO--2fr(n 


■*F40 t 4f ,FBSF, 4E,t BSF, 44.EP34, 4H.EPSR 
f'vr G 4«Mg0TZ.h,,a 


p4S2»supt ( ( ( '.2f**2*q''ega««?} »*?) ♦cu»22f«*2»*2f»*2*omega*« 2) i 

FA* JsSO^Tl ) ♦TtF**2»(n>EGA*«2) 


' * " 1 * — *• v “ k - , w * r w w £ w n i > * w c wi/To^rw 7- 

PiP5*SOPT( ( («l4*.2-0MPf,A«.2l **2)*(u»23F**2»,nF**?*0MHiA»»2) ) 
BAr*«SOHT( 1 ♦T2P*«2»0' , fcGA«»2) 

+-AP- 7 «8 9 » 7 1 I 


PPINT < FAFl # FAF2|FAFJ,FAf<| ( FAF$,FAF6,FAF7 

S4P*(FAFt»rtF2*F44J)/(F4ru*FAFS«FAF6*FAF7) 
-fr*e+» «6 -»( 0 »-F-SA -*♦?-> 


F A£2»SQOT (C(?fc**2«(V>FGA«*2l**?l*Ca*22E*»2«W2F »*2*0 M EGA* *21 ) 
ME Js$(,9T( t*TtE**2«(i"EGA**2) 


EAFS*SG»T ( ( f AS6««2»nMH;A.*2i**2UU«2U*»2**«je*»2*0«EGA**2) ) 
E»M>«8.J9M 1 *T?E**2*0*FGA.*2i 

- f*7 JM***-fl»*ff}A.-r2) 

p s >I i ''T,E4E1,F4F2,EAF J,FAF«,EAE'(,FAF6»EAF7 
MF»(F AH «t 442*4. AFJW(FAFU»FAFb*EAEb»FAE7) 

- - -+*• A»(i*+*to**e (r*r»>T*5fm ttt»»2*Tr2-0* *F.Q»« « 2-|yy2r* ( 2 2A>r6*2i r» 2- — 

1 «0 M EGA*»?n*SQ9T( l*Tl4**2«G«EGA«42))/(80PT(((rtlA«*2-0MeGA*«2l*»2) 

2 *(«*21A**2*a 1 A«*2.n>''EGA.«?> j.8QBT( ( (*J A* .2-OMEGA*#.?) **2) 

_ ■ — >~ ♦(•(*•«•?•}♦«•* 2 . W A » ♦» 2 * ft *»r ~ ' *•• •■ • 

a (t*f5A**?»(V''EGA**2)) 

«2 PfiT JT#FAF,F4C 

-• ' 


t *n*eru**2) )*sa»r ( \ ♦r?s**?iftMEGA**z) )✓ cs2*t c ( cmb# *2»omfga«*zi 
P ♦ ( 9»Z 19*»2#2I M**2*nvFGA**2) )#30PT ( ( (*3ft**2«0weGA*#2) *•?) 

y * 1 o MFrG a « 0 A t # 2 > tffJM 

a f UMB*** # m»i:GA#*Z)) 

94 M«ATA^2f 0. # -AlF*#2*O'-FGA*t2) 

4 6 ^ * <*ATAV(2*T2***;>i.*e M F.riA,A?F*#2.*0"feGA**2l 

9 7 V F 4aATA^P(P*T3FA'/ < 3F*rjMtr,A i ■. $F **2«0 M fc GA * *2 1 

40 - *-) - - 

49 t-,«ATA\2(T^^ •0*^ r , A# j # ) 

so *t«a?an 4 cr jF*o^tr.A # i,) 
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*l»ATAM2(0, ,«*1E**?*0MFGA**2> 
E2»ATA^2<2*TtE**n*OMfcGA,*lE#*2*OMEGA**25 


^aiATAN2(2*T3t*^1t*O M Er,A # w3t**2-0MtGA*#2) 

F5*ATAN2(TlE*0MfeGA t t ,) 

Nr»A T AV2-( f^e»e u €<H| ItT 

F7»ATAN2(T3E*O m EGA,1 # ) 

P«TNT # Pl f E2pFS,Ea.Eb.E6,E7 

A-T**T+H2 ( f ) , r**+* *-*?♦**£ G 

A?aATAri2(2*Tt 4*wl A*OMtr,A # W! A**2-nMEGA**2^ 

4**ATAM2(2*T2A*rt?A*0MEGA # *2A**?»0 M FCA**2) 

A^»A- y ^»^ <^MA >W iA > & M £GA t ln 3Ar»2 » O M eOA »> e - ) 

A5»ATAN2CTl A*O w tGA, \ ,) 

A6*ATAn2CT2A*0 m EGA# i # ) 

» 7 « ATA *gt nA » 0 * E 0A t l. ) 

R1«ATAN2(0 . , •*IR**2*0MCGA»#2) 
R2«ATAN2(2*TtR*^tR*0MEGA,rtl8*#?»0MEGA*#2) 

Ra«ATA^2(2#T3H*rt3R#0VF.GAlw3B*«2-0MEGA**2) 

R5aATAN2(TtB*0 w EGA, 1.) 

Rirr»T A ^f t ;n »» 9 *frfl»rhr> 

R78ATA^2(T3fl*0 v EGA, 1 ,) 
FE°SFsFi«F2*FW4*FS-F«i*r7 

PE°SA*Al-A2*4W<JtA5-A6-A7 

FFPSRsR1.82*s3-9U*R5«rt6-R7 

-AF-»* F /Ft. P * U P» 32 t<* 

A»*«AE/FLVA^P#32,2 
P^TNT,FtPSF # rePSE # AF # AE 



A8»AR/RA*P*32,2 

FPSK*EPSF*r)TP 



FPSA*EPSA*0T9 

FP5R*EP$B* r ‘TP 

9+ p**^*f-* f 

P4£sAE*tA£ 

PA As A A* A A A 

fHfc««-Ad*9A^ 

°FPSF*EPSMFFP$F 

PFP$Farp$fc*FFP8F 


PFPSA«EP3A4FEP3A 

PFP3RSFP3Q4FFP88 

~<^»p-4f^frftSf* F » 3 H 

TFsPAF*3I\tPFP3F) 

PFsPAf-^COSfPFRSE) 

— fPs»A fc *S H( PFPSfc ) 

P9TNT,PF,PE # IF # XC 

QAsPIA*CGStPCPSA) 

- l *$ t»* f PfrPj*-) 

ORsP48*C0S(PFPSR) 

TnsPABFSlNfPFPSR) 

X2i!F*TtMA*T* 

A^Ps?0*AUOGtO(S.JRT (X t «*2 + XP**?) ) 

P*ASr*A4**^t*^ — 

PRINT, AMp # pw43t#HFpTi 
PPl'iT tO^O 

t 
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APPENDIX B 

FREQUENCY RESPONSE AND 
GUST ALLEVIATION SYSTEM DATA 
FOR 

FORWARD AND AFT CENTER OF GRAVITY LOCATIONS 
AT 240 KNOTS, 3049M (10,000 FEET) 
5,909 Kg (13,000 LB) GROSS WEIGHT 
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NORMAL 

ACCEL 

CABIN 

g’s 


PITCH 

ACCEL 

RAD/SEC 2 


FIGURE B 


% 


! 


\ 


240 KNOTS, 3049M (10,000 J- EET) , FORWARD CG 

= + 5 FT/SEC 



5.2 


3.4 


(RAD) 

1.7 


.17 



. FREQUENCY RESPONSE OF CABIN NORMAL . JMD PITCH 
ACCELERATIONS DUE TO VERTICAL GUST (240 KNOTS, 
3049 METERS, FORWARD CG) 


B-2 








1 


! 

* 


NORMAL 
ACCEL 
CG 
g ' s 


i 

I 

I 

1 

1 

I 


.017 
\RAD) 


I 

I 

I 

I 

I 

I 


a F 

DEGREES 


. 0017 
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240 KNOTS, 3049M (10,000 FEET), FORWARD CG 
w g = + 5 FT/SEC 


/ 


0.1 


.01 



I" 

+ 3.4 


(RAD) 


+ 1.7 


PHASE 

(DEGREES) 



300 

200 

i00 


J- .17 

■■ 5.2 
• 3.4 

( 

•• 1.7 


(RAD) 


PHASE 

(DEGREES) 


x .17 


FIGURE B-2. FREQUENCY RESPONSE OF NORMAL ACCELERATION AT CG 

AND FUSELAGE ANGLE OF ATTACK DUE TO VERTICAL GUSTS 
(240 KNOTS, 3049 METERS, FORWARD CG) 
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FORWARD CG) 
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FIGURE B-4. FREQUENCY RESPONSE OF CABIN NORMAL AND PITCH 

ACCELERATIONS DUE TO 6p (240 KNOTS, 3049 METERS, 

FORWARD CG) 
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FIGURE B-5 . FREQUENCY RESPONSE AT NORMAL ACCELERATION AT CG 
AND FUSELAGE ANGLE OF ATTACK DUE TO 6 p 

(240 KNOTS, 3049 METERS, FORWARD CG) 
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FIGURE B-6 . FREQUENCY RESPONSE OF ROTOR HUB MOMENTS DUE 
TO <$ F (240 KNOTS, 3049 METERS, FORWARD CG) 
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FIGURE B-10. FREQUENCY RESPONSE OF CABIN NORMAL AND PITCH 
ACCELERATIONS DUE TO A^ CYCLIC (240 KNOTS, 

3049 METERS, FORWARD CG) 
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FIGURE b- 11. FREQUENCY RESPONSE OF NORMAL ACCELERATION AT CG 
AND FUSELAGE ANGLE OF ATTACK DUE TO A x CYCLIC 

(240 KNOTS, 3049 METERS, FORWARD CG) 
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FIGURE B-12. FREQUENCY RESPONSE OF ROTOR HUB MOMENTS 

DUE TO A x CYCLIC (240 KNOTS, 3049 METERS, 

FORWARD CG) 
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FIGURE B-13. FREQUENCY RESPONSE OF CABIN NORMAL AND PITCH 
ACCELERATIONS DUE TO Bj^ CYCLIC (240 KNOTS, 

3049 METERS, FORWARD CG) 
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FIGURE B-14. FREQUENCY RESPONSE OF NORMAL ACCELERATION AT CG 
AND FUSELAGE ANGLE OF ATTACK DUE TO CYCLIC 

(240 KNOTS, 3049 METERS, FORWARD CG) 
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FIGURE B-20 . FLAP FEEDBACK REQUIRED WITH ACCELERATION AND a 
SENSING RESPECTIVELY, 240 KNOTS, 3049 METERS, 
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FIGURE B-29. FREQUENCY RESPONSE OF NORMAL ACCELERATION AT 
CG AND FUSELAGE ANGLE OF ATTACK DUE TO VERTI- 
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FIGURE B-31. FREQUENCY RESPONSE OF NORMAL AND PITCH 
ACCELERATION DUE TO 6p (240 KNOTS, 3049 
METERS , AFT CG) 
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FIGURE B-34 . FREQUENCY RESPONSE OF NORMAL AND PITCH 
ACCELERATION DUE TO S e (240 KNOTS, 

3049 METERS, AFT CG) 
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FIGURE B-36 . FREQUENCY RESPONSE OF HUB MOMENTS DUE TO 
6. (240 KNOTS, 3049 METERS, AFT CG) 
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B-37. FREQUENCY RESPONSE OF NORMAL AND PITCH 
ACCELERATION DUE TO A^ CYCLIC (240 
KNOTS, 3049 METERS, AFT CG) 
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FIGURE B-38. FREQUENCY RESPONSE OF NORMAL ACCELERATION AT CG 
AND FUSELAGE ANGLE OF ATTACK DUE TO Aj^ CYCLIC 
(240 KNOTS, 3049 METERS, AFT CG) 
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FIGURE B-39 . FREQUENCY RESPONSE OF ROTOR HUB MOMENTS DUE 

TO Ai CYCLIC (240 KNOTS, 3049 METERS, AFT CG) 
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FIGURE B-40 . FREQUENCY RESPONSE OF NORMAL AND PITCH 

ACCELERATION DUE TO Bl CYCLIC (240 KNOTS 
3049 METERS, AFT CG) 
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FIGURE B-41. FREQUENCY RESPONSE OF NORMAL ACCELERATION AT 
CG AND FUSELAGE ANGLE OF ATTACK DUE TO B, 
CYCLIC (240 KNOTS, 3049 METERS, AFT CG) 
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FIGURE B-42. FREQUENCY RESPONSE OF ROTOR HUB MOMENTS DUE TO 
Bi CYCLIC (240 KNOTS, 3049 METERS, AFT CG) 
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FEEDBACK REQUIRED FOR SPECIFIED ALLEVIATION IN CABIN 
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FIGURE B-43. FLAP FEEDBACK REQUIRED WITH ACCELERATION AND 

a SENSING RESPECTIVELY, 240 KNOTS 3049 METERS, 
AFT CG, NO A 1# B 1 FEEDBACK 
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FIGURE b- 44 . ELEVATOR FEEDBACK REQUIRED WITH ACCELERATION AND 
a SENSING RESPECTIVELY, 240 KNOTS, 3049 METERS, 
AFT CG, NO A]_, B]_ FEEDBACK 
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FIGURE B-45 . A]_ FEEDBACK REQUIRED V T ITH ACCELERATION AND 

a SENSING RESPECTIVELY, 240 KNOTS, 3049 METERS, 
AFT CG 
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FIGURE B-46 . Bj_ FEEDBACK REQUIRED WITH ACCELERATION AND 

a SENSING RESPECTIVELY, 240 KNOTS, 3049 METERS, 
AFT CG 
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FEEDBACK REQUIRED FOR SPECIFIED ALLEVIATION IN CABIN 
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FIGURE b-47 . FLAP FEEDBACK REQUIRED WITH ACCELERATION AND 

a SENSING RESPECTIVELY, 240 KNOTS, 3049 METERS, 
AFT CG, Ai & B x FEEDBACK 
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FIGURE B-4 8 . ELEVATOR FEEDBACK REQUIRED WITH ACCELERATION AND 
a SENSING RESPECTIVELY, 240 KNOTS, 3049 METERS, 
AFT CG, A l & B l FEEDBACK 


B-49 






I 


f 


i 

I 


PHASE - ANGLE PHASE - ANGLE 



i t l I 


ORIGINAL PAGE IS 

OF POOR QUAL1TO210-11231-1 

FLIGHT CONDITION: 240 KNOTS, 10,000 FEET, (3,049m), AFT CG 



.4 

0 g's 

-.4 

.3 

0 T.ADS/SEC 2 

-.8 

3 ~ 

0 m/SEC 
-3 


.01 

0 m 
-.01 


5.0 


0 cm 
-5.0 


5.0 


0 cm 


-5.0 


2,000 

0 N-m 

- 2 ,000 


2 ,000 

0 N-m 

- 2,000 


B-50 


i, \ 




t 


* 


fe 








I 

I 


t t 

original page is 

OF POOR QUALITY 


D210-11231-1 

FLIGHT CONDITION: 240 KNOTS, 10,000 FEET, (3,049m), AFT CG 



1 


FIGURE b-50. RESPONSES FOR GAIN F = 4.0, GAIN E * .6 
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